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Abstract  
Accelerating permafrost thaw as a result of climate change is releasing vast amounts of long stored 
carbon to microbial action. As a result, many permafrost-associated areas are becoming hotspots of 
climate feedback through the release of greenhouse gases such as carbon dioxide, methane and 
nitrous oxide. It has only recently been possible, with the development of culture-independent 
methods, to explore the microbial communities responding to thaw events, including the 
polysaccharide degraders, methanogens, methanotrophs and nitrifiers. These populations can now 
be examined in situ, with their functional potential and activity compared to abiotic factors and 
habitat biogeochemistry. Previous microbial research in permafrost areas has focused on 
incubations, specific physical features, or snapshots in time. However, recording changes as they 
happen in the natural environment is essential to accurately determine the populations involved at 
each stage of thaw, their activity, and their potential effects on global carbon and nutrient cycling. 
 
This thesis aimed to use culture-independent approaches to broadly determine the functional 
dynamics of microbial communities involved in biogeochemical cycling as permafrost thaws from 
intact palsa peat, to partially thawed bog and fully thawed fen using the transitioning discontinuous 
permafrost thaw gradient situated at Stordalen Mire (Abisko, Sweden). Metagenomic, 
metatranscriptomic and biogeochemical data are integrated to determine the in situ relationships of 
microbial abundance and activity to the changing site biogeochemistry, including methane 
concentrations, isotopes and nitrogen availability. As the permafrost carbon stock thaws, becoming 
a vast carbon source, complex polysaccharides are degraded into simple sugars, which are 
processed for energy in respiration, or fermented into organic acids, alcohols and gases. 
Methanogens may use some of these products for energy and carbon, releasing the potent 
greenhouse gas methane as a by-product. In Chapter 2, I worked as a lead member of the IsoGenie 
consortium to determine the phylogenetic and metabolic diversity of the Stordalen Mire thaw 
gradient microbial community involved in carbon processing. The activity of numerous lineages 
and processing pathways was confirmed through expression data in the form of metatranscriptomes 
and metaproteomes. Community relative abundances were found to change significantly between 
thaw stages, as well as depth in the soil cores. Further, several populations were correlated with 
biogeochemical parameters, foregrounding their relevance to predictive models and the benefits of 
incorporating microbial data in future modelling efforts.  
 
Methane released by methanogens may be consumed before reaching the atmosphere by methane 
oxidisers (methanotrophs). Chapter 3 examines in detail the variety of methanotrophs central to the 
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moderation of methane release at Stordalen Mire, including both canonical and novel lineages. The 
putative methanotrophs identified are found to have a diverse, likely mixotrophic, metabolic 
potential. We show that the methanotroph community and its activity changes as thaw progresses, 
and link this to biogeochemical data, revealing the potential direct effects of these populations on 
methane isotopes and concentration. Carbon and nitrogen cycling are tightly linked in the 
environment, with nitrogen availability underpinning the productivity and functioning of microbial 
communities. In Chapter 4, nitrification and the microorganisms responsible for the transformations 
of bioavailable nitrogen are explored. Comammox Nitrospira appear to be the predominant 
nitrifiers in this nitrogen limited environment, and two metagenome-assembled genomes are 
recovered and compared to investigate their adaptations to the permafrost thaw system. 
 
Finally, Chapter 5 examines the phylogenetic distribution of the key methane and ammonia 
oxidation enzymes, the particulate copper containing membrane-bound monooxygenase (CuMMO) 
and the soluble diiron monooxygenase (SDIMO), in public databases. This analysis is expanded by 
the novel variants identified during this thesis. The distribution, environmental context and genomic 
content of the microorganisms possessing these proteins add to the evolutionary story of methane, 
hydrocarbon and ammonia oxidation, supporting established hypotheses that substrate affinities 
were likely refined by downstream processing modules and selective pressure, with both enzymes 
originating from a multi-substrate utilising ancestor enzyme. 
 
This thesis examines the response of microbial communities to permafrost thaw, and the subsequent 
changes in carbon and nutrient availability in situ. The information presented herein will be 
valuable for comparison against other permafrost-associated environments, incubations and 
artificial thaw simulations, for narrowing down indicator species and for revealing novel lineages 
potentially responsible for important metabolic processes. Further, the identification and 
characterisation of novel groups can serve as a basis for enrichment, culturing attempts and 
expression models to experimentally confirm the roles of these microorganisms at the forefront of 
climate change. 
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Chapter 1 Introduction 
Permafrost regions and global importance 
Since the industrial revolution, human activity has been responsible for a significant acceleration in 
greenhouse gas emissions 1. The effects of anthropogenic activities such as fossil fuel use and land 
use change are immediately observable and measurable. However, indirect effects of global 
warming by greenhouse gas accumulation are also significant, affecting both sea (e.g. ocean 
acidification) and land (e.g. thawing ice). Further gas release and warming can be a consequence of 
these effects, resulting in a positive feedback cycle as thaw leads to gas release that in turn brings 
about additional thaw 2. These cycles are slow to start due to the dependence on greenhouse gas 
concentrations and temperature thresholds, but have the potential to be critical to future projections 
on climate change 3. Permafrost, soil that has been frozen continuously for at least two years 3, is 
highly affected by such feedback cycles. This important carbon stock is gradually transitioning into 
a vast carbon source, making it an environment of current climatic concern.  
Discontinuous permafrost and the thaw transition  
Permafrost soils store ~50% of global soil carbon, with regions in the northern hemisphere (Figure 
1) estimated to contain around 1672Pg 3-5. The depth of permafrost can vary from 650m to 350m, 
but in areas of discontinuous permafrost, where permanently frozen soil is interspersed with areas 
of soil that is fully thawed, this can decrease from 50m to less than 1m 3. As the depth of permafrost 
decreases, the soil that was once frozen becomes a potentially rich carbon and nutrient resource for 
microbial use. In these discontinuous zones, the local environment (e.g. water table, altitude and 
geology) influences the frozen state 3, and the active layer, which undergoes a seasonal thaw, is also 
much thicker (~45 – 86 cm) 6.  
 
2 
 
 
Figure 1: Distribution of permafrost and permafrost-associated regions of the Northern hemisphere 
7. The study site of this thesis, Stordalen Mire, is located within Northern Sweden, in the subarctic 
(marked by the red cross). Image modified from Voigt et al. (2017). 
The samples for this thesis project are from Stordalen Mire, a subarctic example of discontinuous 
permafrost in Northern Sweden (Figure 1). This region has been under direct observation since the 
1970s, with the research station located in the nearby village of Abisko collecting data in the 
surrounding area for over 100 years 8. Stordalen Mire exhibits a gradation of permafrost thaw 
(Figure 2 & 3), allowing researchers to observe thaw associated changes within one site and over 
time (Figure 4) 9. The intact permafrost supports the palsa, a hummock comprising an active layer 
with an ice lens foundation 10 (Figure 3). As thaw progresses the palsa gradually collapses into an 
acidic ombrotrophic bog, characterised by Sphagnum type mosses. Eventually, the water table rises 
further and interconnects with the broader lateral water flow of the site, becoming a freer flowing 
minerotrophic fen characterised by Eriophorum sedges 11 (Figure 3). This collapse of permafrost 
has been recorded by photographs of the site (Figure 4) 9,12,13. In permafrost regions across northern 
Scandinavia, palsas have collapsed into these thaw environments, exhibiting a reduction in area by 
over 65% 10,14.  
3 
 
 
Figure 2: Aerial photograph of the study site from 2010. The inset shows magnification of the areas 
where samples were taken, and biogeochemical measurements recorded. Photo courtesy of Scott 
Saleska. 
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Figure 3: Schematic of the thaw gradient at Stordalen Mire showing the gradation as thaw 
progresses from an intact palsa to a partially thawed bog with a perched water table, and fully 
thawed fen with an interconnected water table and lateral flow from the surrounding environment. 
Vegetation changes from herbaceous plants, to Sphagnum mosses, and Eriophorum sedges. 
 
Figure 4: Distribution of the palsa (hummock), bog (semiwet/wet) and fen (tall graminoid) sites in 
1970 and 2000, showing the colocation of these sites as well as the changes in distribution between 
these years, with decreasing palsa and increasing fen areas due to thaw 9. Image from Malmer et al. 
(2005). 
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Carbon stock to source: microbial involvement in feedback cycles 
When permafrost thaws and palsas collapse, carbon is made available to microorganisms that may 
fix it as biomass or release it into the atmosphere as carbon dioxide (CO2) or methane (CH4). 
Complex carbon compounds, such as the polysaccharides cellulose and xylan, are processed via an 
intricate trophic network of microorganisms 15. Cellulases and xylanases encoded by some of these 
microorganisms break down polysaccharides within the newly thawed peat or active layer, 
producing xylan and glucose 16-18. These sugars enter core carbon metabolism through glycolysis 
and either the tricarboxylic acid cycle or fermentation pathways depending on the presence of 
oxygen and other electron acceptors 15,19. CH4 producing archaea (methanogens) use the acetate 
(acetoclastic methanogens), CO2 and hydrogen (hydrogenotrophic methanogens) provided by 
fermenters to generate energy for growth 15. The end-product of this process is CH4, which has a 
global warming potential (GWP) ~28 times the radiative forcing of carbon dioxide per molecule per 
100 years 1, making it a potent greenhouse gas 2,3. Methanogens are estimated to produce ~69% of 
atmospheric CH4 20, although bacterial methane-oxidizers (methanotrophs) may play an important 
role in controlling the flux of CH4 released to the atmosphere. This microbial CH4 filter is 
particularly important in minerotrophic fens, where CH4 emissions are greater when compared to 
ombrotrophic bogs with recorded slower decomposition rates 21. Positive feedback mechanisms 
introduced by the effects of a warming climate on microbial-based permafrost degradation are not 
yet well understood, making this an area of critical research 5. The microbial involvement in climate 
feedback from carbon stock to source is described in detail in Chapter 2. 
Metagenomics 
With predictions that up to 99% of surface proximal permafrost could disappear by 2100 22,23, 
permafrost is becoming increasingly important in climate change modelling 2,24,25. Efforts are being 
made to understand and characterise the microbial thaw response and involvement in positive 
feedback mechanisms 24,26-28. While research into permafrost microorganisms has been actively 
pursued since 1911, including culture-dependent examinations since the 1950s 29, holistic 
investigations focusing on the communities involved in nutrient cycling were not possible until 
recently. Methods have advanced from culture-dependent approaches characterising isolates 
amenable to laboratory growth conditions 30, to culture-independent approaches that provide 
community profiles of the in situ populations 31. Amplicon surveys using the 16S ribosomal RNA 
(rRNA) marker gene have depicted the microbial profiles of permafrost microorganisms spanning 
the Canadian Arctic, Antarctica, Sweden, Alaska and Norway 32,33. However, amplicon surveys 
indicate the structure of the community, but not the functional capacity. The known metabolisms of 
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isolates are just the tip of the iceberg, with a large diversity of uncultured metabolic potential to be 
discovered.  
Metagenomics, the shotgun sequencing of total community DNA, facilitates elucidation of the 
metabolic potential of the uncultured majority 34. The first surveys focused on simple communities 
35,36, with advances in technology and tools, coupled to decreasing costs, enabling the investigation 
of the most complex soil environments 37,38. The differences in community functional potential 
between Canadian Arctic active layer and permafrost samples was one of the first metagenomics 
studies into a permafrost-associated environment 26. Since then, several metagenomic studies have 
expanded knowledge of the varied functional potential of microbes in permafrost-associated soils 
16,31,32,38-44.  
Metagenomics can go beyond a gene-centric insight into the community, enabling the 
reconstruction of genomes from uncultured microorganisms, the genome-centric approach 35. The 
raw reads of metagenomes can be assembled into contigs, and the contigs grouped, or ‘binned’, into 
‘metagenome-assembled genomes’ (MAGs) based on the kmer and GC signatures of their DNA 
sequences in addition to coverage differences between samples due to varying natural abundances 
45,46. Due to the limitations of short-read technology and assembly algorithms, these MAGs are 
chimeric, representing a collapse of closely related strains into a ‘consensus genome’ 47. Features, 
such as plasmids, are also missed in the binning process 48. However, emerging long read 
technology and new techniques such as incorporating DNA methylation signatures into binning, 
will significantly improve binning accuracy 48. Currently, the recovery of MAGs is outpacing our 
capacity to interrogate their function in a meaningful way 49-51, with accurate and mass gene 
annotation the next bottleneck 52. Equally, nomenclature is a current issue, as the fastidiousness of 
the majority of microorganisms prevents their isolation but should not prevent their taxonomic 
characterisation 53. Chapter 2 presents the recovery of 1529 MAGs, an unprecedented number from 
a complex soil environment. These MAGs are used to interrogate microbial involvement in the 
carbon cycle through the genome-centric approach. 
While gene assays and metagenomic analysis of these environments are increasing knowledge on 
genetic potential and diversity, this thesis seeks to add to this knowledge by examining the 
functional potential of the microbial community using metatranscriptomes, as well as the targeted 
investigation of populations responsible for specific substrate transformations (Chapter 2 carbon 
processing, Chapter 3 methane oxidation and Chapter 4 nitrification). Further, this is conducted in 
an environment undergoing rapid thaw at Stordalen Mire, allowing insight into the effects on the 
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microbial community and biogeochemistry of collocated sampling sites representing the thaw 
gradient (Figures 2 & 3). 
Metatranscriptomics 
Metatranscriptomic analysis involves sequencing the RNA extracted from a community and 
inferring gene expression profiles based on transcript abundances 54. The metatranscriptome 
comprises the messenger RNA (mRNA) as well as non-coding RNA (ncRNA), with >95% of RNA 
attributed to ribosomal RNA (rRNA) and transfer RNA (tRNA) 55. Expression indicates which 
microorganisms are likely most active, and can inform overarching ecological questions 56. 
Defining the active role of microorganisms is important to discern activity between sites, as 
particular gene expression may be up/down-regulated under certain environmental pressures 56,57. 
The metatranscriptome may also reveal that the most abundant species determined from the 
metagenome are not the most active 57, which is also seen in Chapter 3 of this thesis. Further, relic 
and dormant DNA is an increasingly recognised problem in environmental soil surveys that 
standard metagenomic pipelines do not resolve 58. The metatranscriptome can highlight the 
functional processes important to particular environments, phylogenetic groups and active cells, and 
give an indication of their immediate responses and strategies to deal with perturbations 59. 
Up until recently, the application of this technique was focussed on eukaryotic transcriptomes, due 
in part to the complexity of removing the data dominating signal for structural RNAs in bacteria 
55,60. Isolate bacterial transcriptomics from pathogens followed, as complete reference genomes and 
strict control of culture conditions enabled accurate gene annotation, and controlled expression 
profiles 55,61-63. The first environmental mRNAs were investigated only a decade ago, starting with 
marine and freshwater samples 60 and soils 64. Microarrays using probes targeting key genes, and 
reverse transcription polymerase chain reaction (RT-PCR) of RNA, enabled comparative analysis of 
expression and taxonomy of ammonia-oxidising archaea and bacteria 64. This direct approach was 
restricted to a limited selection of characterised genes 65. However, the goal of metatranscriptomics 
is to record community expression independently of existing knowledge and without specific 
targeting of population members and activity. These early studies were limited by shallow 
sequencing bottlenecks and the coverage of taxa specific gene representatives of the 
contemporaneous annotation databases 57,60,64. 
The first of the high-throughput metatranscriptome (RNA-seq) studies was an investigation into the 
community expression of a surface marine environment 65. Here, the metagenomics methodology 
was applied to community expression by amplifying transcripts to create cDNA and subsequently 
sequencing the cDNA library 65. When compared to ocean metagenomes, many of the transcripts 
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had similarity to genes determined from these environmental genomes, including the expected 
genes central to carbon and nitrogen fixation pathways. However most transcripts were identified as 
novel, and were annotated as unclassified or ‘hypothetical’ proteins 65. Transcript novelty was a 
defining feature of early studies, which led to the identification of a mass of uncharacterised gene 
families 57,65,66. This study progressed from a broad focus gene-centric approach, looking at whole 
community gene expression and taxonomic assignment, to the specific investigation of expression 
in Prochlorococcus, a generally abundant and well-characterised marine organism that could be 
used in this case for data validation 65. 
Soil environments, such as permafrost, are extremely complex, with micro-environments, changing 
local chemistries, and a consequent huge diversity of organisms and functional potential 67. 
Metatranscriptomes can be used to uncover highly diverse soil community profiles, through rRNA, 
without the need for bias inducing primers and amplification steps of 16S rRNA amplicons 67. A 
wide non-target specific approach enables the discovery of unpredicted processes or 
microorganisms, and can yield results in one sweep, and one experiment, rather than numerous tests 
67. Through this investigatory and broad approach, functional similarity between two different soil 
habitats has been found, suggesting similar roles of the habitant communities 67. Further functional 
similarities have also been noted in the broad overview of soil compared with marine environments, 
suggesting a base-line or core of functional processes across the natural environment 68,69.  
Metatranscriptomic analysis has been directly applied to permafrost-associated systems, and is 
recognised as important for deciphering soil organic matter decomposition and overall carbon 
cycling processes 70. A metatranscriptomic study of an Alaskan permafrost environment showed 
there is a significant change in community expression from stress proteins in the frozen 
environment, to a wider range of metabolic and transportation pathways in laboratory thaw 
environments 70. However, when activity is examined in isolation of community structure it is near 
impossible to determine ‘who’ is doing ‘what’. Linking activity to the community structure, and 
identifying the key microorganisms and processes at work in the microbial systems requires a multi-
omics approach 69.  
Multi-omics in permafrost-associated systems 
The pairing of expression and genome data is essential to investigate the effects on population 
functioning in response to variables 57, such as anthropogenic environmental change 71. Adding 
metaproteomics data, the abundance of proteins determined using shotgun mass spectrometry of 
digested peptides, reveals those transcripts that make it through translation 69. Biological regulation 
occurs at each level of cell functioning: replication, transcription, translation and catalysis, 
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consequently each layer of analysis adds to the true and highly complex functioning of the system. 
Technical challenges involving a high biomass requirement, extraction efficiencies and variable 
proteome coverage mean that the full metaproteome is out of reach for most studies 72,73, which 
foregrounds the benefits of comparing the metaproteome with the metatranscriptome. 
Metabolomics describes the products or metabolites circulating in a microbial system, which are 
first separated then examined using mass spectrometry 69,74. Integration of multi-omics is 
challenging, and requires careful design and tailoring to the key questions asked of the system 69. 
Cultivation is inevitably essential to confirming many of the hypotheses created via these 
approaches, particularly regarding the characterisation of novel pathways, hypothetical genes, 
transcripts and proteins 52. 
Multi-omics studies exploring permafrost-associated systems are currently few, and may target 
either broad or specific questions. Focusing on a specific functional group, active atmospheric 
methanotrophs have been confirmed in incubation experiments of high Arctic permafrost using 
targeted metagenomics, metatranscriptomics and metaproteomics 42. Methane production from 
anoxic incubations of Arctic permafrost soil has been investigated using metagenomics, 
metatranscriptomics and metabolomics 75. This study revealed increases in methane production 
associated with warming of the incubations, and shifts in polysaccharide degrading and 
methanogenic populations 75. Methanogenesis, linked to specific populations and with confirmed 
expression of key proteins, has previously been examined at Stordalen Mire 31. 
The most comprehensive multi-omics study to date in a permafrost-associated system used a 
combination of amplicon sequencing, metagenomics, metatranscriptomics and metaproteomics to 
examine permafrost, active layer and thermokarst bog samples from Alaska 43. The ratio of the 
metatranscriptomes to metagenomes belonging to specific taxa revealed which microorganisms 
were active in the sub-zero temperatures, and showed that these active groups differed between the 
study environments 43. Assembly of the metagenomes enabled the recovery of 14 MAGs distantly 
related to characterised taxa. The metaproteomics data revealed a prevalence of hypothetical and 
uncharacterised proteins, and a reduction of stress and cold-shock proteins in the bog 43. Gene 
abundances and activity could be correlated to biogeochemical data and incubations, particularly 
methanogenesis and dissimilatory Fe(III) reduction rates 43. However, the cores for DNA extraction 
and cores for biogeochemical measurements and incubations were taken at different years. The 
natural heterogeneity of soil systems, annual changes in precipitation and temperature, and changes 
in community associated with incubations would likely have all impacted process rates. Our study 
employs a purely in situ approach, with directly comparable biogeochemical measurements, DNA, 
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RNA and protein samples derived from the same sample cores and in triplicate. Stordalen Mire also 
enables examination of the communities across a full thaw gradient, collocated at the study site. 
The multi-omics approaches followed in this study are outlined in Figure 5. Both metagenomic and 
metatranscriptomic data are used in this thesis to explore specific ecological questions regarding 
carbon processing (Chapter 2), methane oxidation (Chapter 3) and nitrification (Chapter 4). 
Metaproteomics has been incorporated in Chapter 2 to confirm the use of novel processes and 
enzymes. Multi-omics compared to biogeochemical observations reveals potential high impact 
species, though due to variables such as temperature, hydrology and nutrient availability, local 
biogeochemistry differs greatly between environments and even microenvironments 76. 
Biogeochemical data is also included in the analyses of Chapters 2, 3 and 4. 
 
Figure 5. Multi-omics methods overview used in this thesis. Both a gene-centric and genome-
centric approach are used. Methods are described in detail within Chapter 2, 3, 4 & 5. 
Introduction to carbon processing 
The complex polysaccharides xylan and cellulose are major components of soil 77. While hydrolysis 
of these plant polymers has been found to be consistent yet very slow in frozen soils 78, longer 
growing seasons and deepening active layers due to increasing thaw intensifies the degradation 
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process. Carbon processing starts with the initial important hydrolysis step, and is followed by a 
series of metabolic reactions undertaken by a complex network of microorganisms from within the 
bacteria, archaea and fungi 16. These reactions occur under aerobic or anaerobic conditions and 
include glycolysis, the tricarboxylic acid cycle, fermentation, acetogenesis, anaerobic respiration 
and methanogenesis 16. Several studies have investigated the potential microorganisms and enzymes 
involved using metagenomics and metatranscriptomics 16,26,32,39. However, no studies to date have 
linked the enzymes to the abundances of specific genomes and examined them in the context of 
their entire metabolic potential. Chapter 2 uncovers the trophic network involved in carbon 
processing at Stordalen Mire, and tracks the specific microorganisms responsible for each step of 
carbon processing across the three different thaw stages of palsa, bog and fen. 
Introduction to methanotroph diversity 
Microorganisms that use methane as both a carbon and energy source are known as methanotrophs. 
These microorganisms play a significant role in the carbon cycle and it has been shown that they are 
responsible for the oxidation of up to 90% of methane generated in anaerobic environments before 
it is released to the atmosphere 79-82. Further, some highly specialised methanotrophs can capture 
atmospheric sources of methane, acting as biological methane sinks 42. Methanotrophy can be 
carried out under aerobic and anaerobic conditions using distinct pathways only found in select 
lineages. The relative contribution of anaerobic versus aerobic pathways to total methane oxidation 
is not yet clear. 
Aerobic oxidation of methane 
All known aerobic methanotrophs are bacterial, and belong mainly to the Alphaproteobacteria and 
Gammaproteobacteria. Proteobacterial aerobic methanotrophs are broadly differentiated into two 
types, Type I and Type II, based on carbon assimilation pathway and their intracytoplasmic 
membrane (ICM) arrangements 83. Type I methanotrophs belong to the Gammaproteobacteria and 
use the ribulose monophosphate (RuMP) pathway (Figure 6). Their ICMs exist as stacked vesicular 
disks in the cytoplasm 83. In contrast, Type II methanotrophs belong to the Alphaproteobacteria and 
use the serine pathway (Figure 6) and possess ICMs that are paired and aligned to the cell wall 84. 
However, there are exceptions to these classification guidelines. For example, characterisation of a 
Type I Methylomonas species has revealed a complete pathway for carbon assimilation via the 
serine cycle 85. Aerobic methanotrophs have also been discovered in the Verrucomicrobia 86,87. 
These methanotrophs most likely use methane to produce the energy required to fix carbon dioxide 
through the Calvin-Benson-Bassham cycle (CBB) 80,88.  
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Figure. 6: Methane oxidation, formaldehyde assimilation and carbon assimilation pathways 
(adapted and simplified from MetaCyc 89 and Chistoserdova (2011)). The following pathways are 
displayed: 1. Primary methane oxidation, 2. Formaldehyde oxidation using the 
tetrahydromethanopterin pathway, 3. Formaldehyde oxidation using the glutathione dependent 
pathway, 4. Formate oxidation, 5. Tetrahydrofolate pathway for C1 transfer to the serine cycle, 6. 
Ribulose monophosphate pathway (RuMP) for carbon assimilation (Type I), 7. Serine cycle for 
carbon assimilation (Type II), 8. Calvin-Benson-Bassham pathway for carbon assimilation 
(Verrucomicrobia, NC10). 
Aerobic methanotrophs use methane monooxygenase (MMO) enzymes to catalyse the oxidation of 
methane to methanol. Methane monooxygenase exists in two known forms, a particulate (pMMO) 
transmembrane form, and a soluble (sMMO) form found in the cytoplasm 84. pMMO, encoded by 
the pmoCAB operon, is a trimer (αβγ)3 and incorporates copper and zinc ions 91. This form is 
present in all known aerobic methanotrophs, except for the alphaproteobacterial genera 
Methyloferula and Methylocella 10. Some species of gamma- and alphaproteobacterial 
methanotrophs (Methylobacter, Methylomonas, Methylomicrobium, Methylocystis) possess a 
divergent form of pMMO known as pXMO, which is encoded by the pxmABC operon 92,93. sMMO, 
encoded by the mmoXYBZDC operon 94, is a dimer (αβγ)2, and is found in a subset of alpha- and 
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gammaproteobacterial methanotrophs 91. These methane monooxygenases are part of two different 
substrate promiscuous monooxygenase families 93, which may include ammonia, aromatic, alkene 
and alkane monooxygenases 95,96. sMMO has a broad substrate specificity, and is able to oxidise 
larger C5 to C9 carbon compounds including pollutants such as trichloroethylene 97. pMMO is more 
specific, oxidising only C1 to C4 alkenes and alkanes 98. Moreover, significant methane co-
oxidation 99 has been observed in the closely related pMMO homologue ammonia monooxygenase, 
encoded by amoCAB 93. The evolutionary relationship of these enzymes will be examined in 
Chapter 5. 
Anaerobic oxidation of methane (AOM) 
Anaerobic methane oxidation uses alternative terminal electron acceptors e.g. nitrate 100, nitrite 101, 
sulphate 102, manganese and iron 103 for the oxidation of methane. This process is hypothesised to 
occur through reverse methanogenesis, although the specifics of this pathway remain unresolved 
100,104. The anaerobic methanotrophic archaea (ANME), ANME-1 and ANME-2, found mainly in 
the anoxic zones of aquatic environments, have been shown to oxidise methane in combination with 
sulphate-reducing bacteria (SRB) such as Desulfococcus and Desulfosarcina 82,102. More recently, 
ANME-2d, was found to couple methane oxidation to nitrate reduction to perform independent 
methane oxidation 100.  
While anaerobic methane oxidation was originally believed to be exclusively performed by archaea, 
a member of the bacterial phylum NC10, Candidatus ‘Methylomirabilis oxyfera’, was recently 
found to perform AOM using nitrite as the electron acceptor 105. Intriguingly, Ca. ‘M. oxyfera’ 
performed this process using an intra-aerobic oxidation pathway, similar to that observed in aerobic 
methanotrophs, using oxygen generated from nitrous oxide 105.  
Methanotrophs in the natural environment: wetlands, peatlands and permafrost 
The diversity of methanotroph metabolism and substrate specificity or preference is reflected in the 
range of their natural habitats. Methanotrophs are present in anaerobic deep sea vents, landfills 106, 
wetlands 79, peatlands 21,81, soils 107,108 and permafrost regions 10,16,42,109,110. The community 
members vary extensively between these habitats, and even between similar habitat types, although 
patterns in methanotroph diversity trends have been observed 92. For instance, studies have stated 
that pMMO lacking Methylocella populations are not prominent members of littoral wetlands 79, but 
are normally abundant in acidic bog environments 10. Alphaproteobacterial methanotrophs have 
been found to thrive in these acidic bogs, whereas gammaproteobacterial methanotrophs are 
suggested to flourish in active layer Arctic permafrost 111. Furthermore, a lack of diversity within 
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Artic permafrost has been noted, with a prominence of Methylobacter and Methylosarcina species 
10,111.  
Expression profiles of the key methanotrophy genes are beginning to be investigated in these 
environments, with a recent study assaying an Arctic metatranscriptome for pmoA, pxmA and a key 
gene in nitrogen fixation 10. This study was the first to identify in situ transcripts of mmoX in a 
palsa, collapsed palsa and a thermokarst pond 10. Only a small number of methanotrophy transcripts 
were detected in the palsa, a low methane emitting habitat. However, in the acidic collapsed palsa 
and thermokarst pond, an acidophilic Methylocystis (Alphaproteobacteria) species was dominant. 
Although this microorganism had both pmoA and mmoX, only pmoA was actively expressed. The 
mmoX expression was attributed to Methylocella (Alphaproteobacteria), and Methylomonas 
(Gammaproteobacteria) 10. The authors noted that this could be the first example of a 
gammaproteobacterial methanotroph lacking a pMMO. Conversely, it could represent preferential 
use of sMMO by Methylomonas, perhaps targeting a broader range of substrates 10. 
Metatranscriptomics in conjunction with metagenomics is required to answer these questions. 
Metagenomics and metatranscriptomics have been used specifically to identify the presence and 
activity of a putative atmospheric methane oxidiser, upland soil cluster alpha (USCα), in the 
Canadian high Arctic 42. Chapter 3 provides a broad to fine-scale multi-omics study of 
methanotrophs in in Stordalen Mire that can be directly linked to in situ biogeochemical data, the 
first of its kind. 
Introduction to nitrifier diversity 
Nitrogen cycling in the subarctic 
Incubation and field studies on Arctic wetlands and permafrost peatlands have revealed that N2O 
emission in thaw affected areas can rival those of productive tropical forest soils 112. Under certain 
hydrological and unvegetated conditions 113,114, N2O produced in these areas could total a 0.1 Tg 
portion 115,116 of the ~11 Tg and 6.9 Tg total emissions from natural and anthropogenic sources, 
respectively, though estimates are uncertain (IPCC AR5 Chapter 6, p512). N2O is produced as a by-
product of nitrifiers, oxidising ammonia to nitrite and nitrate, and the incomplete denitrification of 
nitrate by anaerobic denitrifiers (Figure 7) 113,117. Bioavailable nitrogen in permafrost-associated soil 
is typically in high demand and metabolised by other organisms, which limits N2O release. 
Available N2O precursors such as ammonium or nitrate are assimilated by microorganisms or plants 
116 and N2O is reduced to the benign dinitrogen (N2) by microorganisms possessing nitrous oxide 
reductase (nosZ) 117. However, deepening thaw has recently been linked to a pulse of immediate 
N2O release in vegetated permafrost peatlands 7, revealing the potential importance of this 
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environment, and the microorganisms involved in nitrogen cycling, to climate change feedback. 
More research is required to determine the extent of this contribution, and how this changes 
between permafrost-associated sites. On a foundational level, nitrification is essential for 
transforming nitrogen for plant and microbial use, and consequently its availability and processing 
affects productivity and the carbon cycle in this environment 118,119. 
 
Figure 7: Schematic of nitrogen cycling in the soil environment. Typical anaerobic reactions are 
marked by pink, other pathways have matching arrow and textbox colours. Adapted from 
Kowalchuk and Stephen (2001). SON = soil organic nitrogen, DOM = dissolved organic nitrogen. 
Nitrification: a process mediated by one or two microorganisms 
Nitrification was historically believed to be a two-step process. Ammonia oxidisers carry out the 
first step, oxidising ammonia to hydroxylamine using the ammonia monooxygenase (AMO), a 
homologue of the methane monooxygenase (pMMO), and then hydroxylamine dehydrogenase 
(HAO) to oxidise hydroxylamine to nitrite (Figure 8) 121. However, recently it has been shown that 
HAO oxidises hydroxylamine to nitric oxide, with an unknown enzyme then oxidising nitric oxide 
to nitrite 122, revealing the increased complexity of this process. Nitrite oxidisers are responsible for 
the second step, oxidising nitrite to nitrate (Figure 8) 123. A limited number of characterised 
microorganisms from specific genera within the microbial tree of life are capable of these two 
processes. Ammonia oxidisers include bacteria within the Betaproteobacteria and 
Gammaproteobacteria, as well as archaea within the Thaumarchaeota (Figure 8). Nitrite oxidisers 
16 
 
belong to the Alphaproteobacteria, Gammaproteobacteria, Nitrospinae, Nitrospirae and Chloroflexi 
(Figure 8). Recently, a sublineage within the Nitrospira genus of the Nitrospirae, termed 
comammox (COMplete AMMonia OXidisers), was found to be capable of both ammonia and 
nitrite oxidation, with an experimentally validated capacity for complete ammonia oxidation 124,125. 
 
Figure 8: Nitrification by the historical two-step (red and blue arrows) and recently discovered 
single step (green arrow) processes. The isolated genera capable of each step are presented as the 
microbial cartoons. Ammonia oxidisers include genera of the Betaproteobacteria (Nitrosomonas 
and Nitrosospira 126,127), the Gammaproteobacteria (Nitrosococcus 128), and the archaeal 
Thaumarchaeota (Nitrososphaera and Nitrosopumilus 129,130). Nitrite oxidisers include genera of the 
Alphaproteobacteria (Nitrobacter 131), the Gammaproteobacteria (Nitrococcus 132), the 
Betaproteobacteria (Nitrotoga 133,134), the Nitrospirae (Nitrospira 135), the Nitrospinae (Nitrospina 
132,136) and Chloroflexi (Nitrolancea 137). The complete ammonia oxidisers (comammox) are also 
Nitrospira 125,138. The thermodynamics of the reactions are shown by the specific steps. 124. AMO = 
ammonia monooxygenase, HAO = hydroxylamine dehydrogenase, NXR = nitrite oxidoreductase.  
Nitrification in the subarctic 
Since the first discovery of nitrifying microorganisms in 1890 131, nitrifiers have been explored in 
ocean, soil and especially engineered systems 139-142. Research has focused primarily on the 
microorganisms responsible for the presumed rate-limiting step of nitrification, ammonia oxidation 
120. Despite the recent focus on N2O release in permafrost-associated regions (see above), 
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characterisations of the nitrifier community in these systems are few, generally focusing on the first 
step (ammonia oxidation), and limited to assays of specific genes such as amoA and the 16S rRNA 
gene 143,144. Aerobic ammonia oxidising archaea (AOA) in particular have been the centre of recent 
publications in these environments, revealing an abundance often far exceeding ammonia oxidising 
bacteria (AOB) 26,143,145-147. The ammonia oxidising community structure has been linked to soil 
properties such as carbon and nitrogen content, hydrology, temperature and pH, with AOA 
suggested to be better adapted to variable temperatures, low ammonia and pH 64,148.  
In the permafrost and active layer of a high Arctic system the diversity of ammonia oxidisers has 
been found to be limited to a few species, but dominated by AOA 26. In some hostile permafrost-
associated and subarctic soil environments, ammonia oxidisers are difficult to detect altogether 
149,150, whereas in other similar systems they may be in high abundance 146. Research in alpine and 
high-altitude soils has also revealed an unexpected prevalence of AOB over AOA 151-153. This 
indicates that these communities are complex, with no universal pattern linking cold and low 
nitrogen conditions to any particular domain. Further, the variability in ammonia oxidiser 
community structure and activity suggests that more research into these environments is required to 
characterise their roles in biogeochemical cycling. 
Nitrite oxidisers have largely been overlooked in nitrification research, due to the fastidiousness of 
these microorganisms, inhibiting their isolation and characterisation, as well as the perception of 
limited metabolisms secondary to the ammonia oxidation step 139,154. Of the nitrite oxidisers, 
Nitrospira are currently known to be the most widespread and genetically diverse genus, detected in 
marine, sediment, engineered and even permafrost systems 124,155,156. Nitrospina and Nitrococcus 
are limited to marine systems 132,140, with Nitrospina found to dominate microbial communities in 
some waters, comprising up to 10% of the total population 139,140. Nitrobacter have also been 
detected in marine systems, although they are predominantly found in soil environments and were 
believed to be the main nitrite oxidisers of soil for many years 155-157. The betaproteobacterial genus, 
Candidatus ‘Nitrotoga’, was the first nitrite oxidiser enriched from an extreme cold environment, 
Siberian permafrost 158. Ca. ‘Nitrotoga’ has also been enriched from engineered systems, 
outcompeting other nitrifiers at colder temperatures, and represents a cold-adapted nitrifier with a 
wider distribution than initially thought 159. Ca. ‘Nitrotoga’ genomes have recently been sequenced 
from an activated sludge isolate 133 and cultivations from freshwater sediment 134.  
There is limited characterisation of the nitrite oxidising communities of permafrost-associated soils 
158,160, yet in grasslands, Nitrospira and Nitrobacter are known to coexist and compete 157. As 
available nitrogen increased in this system, Nitrospira abundances decreased and Nitrobacter 
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abundance increased 157,161. Competition of these groups is hypothesized to be linked to nutrient 
availability and productivity, as Nitrospira are defined as K strategists with low growth rates but 
high nitrite affinities, and Nitrobacter as r strategists with high growth rates and low nitrite affinity 
161,162. Both of these groups include members that are capable of mixotrophic and anaerobic growth, 
allowing survival when nitrite is limiting 161,163.  
Historically, nitrite oxidisers have been overshadowed by ammonia oxidisers 139, although this is 
changing due to recent discoveries of the novel complete metabolism of comammox Nitrospira. 
Comammox have been thoroughly characterised in engineered systems, however they are also 
likely widespread in the natural environment based on recent assays 164, as well as the reanalysis of 
past sequence data 124,125. Comammox Nitrospira fall into two clades (clade A and clade B) 
depending on the phylogeny of the amoA gene 124,125. Only clade A comammox from engineered 
systems are currently described 124,125,165,166. Due to the recent discovery of these microorganisms, 
the understanding of this group in the natural environment is far from complete and their prevalence 
as part of a complete nitrifier community is undescribed. Chapter 4 describes in detail the nitrifier 
community observed at Stordalen Mire, revealing that comammox, not AOA or Nitrobacter, are the 
primary nitrifiers responsible for the transformation of nitrogen in this complex system, for both 
steps of the nitrification pathway.  
Evolution of key methane and ammonia oxidation enzymes 
Two of the chapters of this thesis are focused on microorganisms with enzymes that share a 
functional ancestor, the copper membrane bound monooxygenases of the ammonia and methane 
oxidisers. The results of Chapters 2, 4 and particularly Chapter 3 led to the reanalysis of the 
evolution of methanotrophy, and ammonia oxidation due to its close relationship, which is 
described in detail in Chapter 5.  
Copper containing membrane-bound monooxygenases (CuMMO) 
CuMMOs are involved in a variety of key chemical transformations in environmental cycles. This 
includes: i) the nitrogen cycle with the oxidation of ammonia to hydroxylamine by ammonia 
monooxygenase (AMO) 166, ii) the carbon cycle through the oxidation of methane to methanol by 
the particulate methane monooxygenase (pMMO) of the methanotrophs 167, iii) the oxidation of 
longer hydrocarbon chains by the hydrocarbon monooxygenase (HMO) 168 (Figure 9). Another 
CuMMO of unknown function, pXMO, is found only in methanotrophs already encoding a pMMO 
93. pMMO, AMO and HMO follow the same operon structure of pmo/amo/hmoCAB, whereas 
pXMO follows and unusual reordering pxmABC 93.  
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Figure 9: Overview of the monooxygenase process, including representative protein trees for the 
key markers PmoA (pMMO/AMO/HMO – CuMMO) and MmoX (sMMO/sHMO - SDIMO). 
Central methane oxidation reaction pathway is modified from Murrell et al. (2000). 
Microorganisms possessing HMO include only the SAR324 cluster within the Deltaproteobacteria 
170, and the actinobacterial copper monooxygenases (ACM) which include several distantly related 
Actinobacteria, including Smaragdicoccus niigatensis, Nocardiodes sp. CF8, Nocardioidaceae 
bacterium Broad-1 and Mycobacterium spp. NBB3, NBB4 and JOB5 168. Further confirmed HMO 
microorganisms include the ethylene utilising Gammaproteobacteria, Haliea strains ETY-M and 
ETY-NAG 171. The CuMMOs have diverse substrates, and are likely substrate promiscuous 93.  
There are many environmental sequences of putative pMMOs, or likely ethane monooxygenases 
(EMOs), that have not yet been linked to 16S rRNA genes or genomes, and consequently lack a 
phylogeny 92,172. Putative pMMOs have also been discovered in isolates that were not tested for 
methanotrophy. For example, Skermanella aerolata is an Alphaproteobacteria in the Azospirillales 
with a putative pMMO very closely related to the alphaproteobacterial pMMOs 92. However, this 
microorganism is not recognised as a methanotroph as methane or methanol oxidation activity was 
not examined in the original physiological characterisation 173. Re-culturing of this group is 
essential to test the activity of the pmoCAB operon. 
The SDIMO  
The soluble diiron monooxygenases (SDIMO) have greater substrate flexibility, and include the 
soluble methane monooxygenase (sMMO) as well as soluble longer chain hydrocarbon 
monooxygenases (sHMO) 174 (Figure 9). Until 2016, only two genera were known to possess the 
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sMMO without the pMMO, Methylocella and Methyloferrula of the Beijerinckiaceae 175,176. 
However, an oceanic methanotroph, Methyloceanibacter, was discovered to also possess a sMMO, 
falling outside of the known clades within a group of recognised methylotrophs 177. This suggests 
that advances in culture-independent techniques will most likely reveal novel methanotrophs and 
reshape our interpretation of this functionally important group. 
Evolution of methanotrophy and ammonia oxidation 
The recent boom in metagenomic studies and targeted isolate cultivation has resulted in the growth 
or discovery of confirmed or putative methane, hydrocarbon and ammonia oxidisers, revealing that 
these functional clades extend beyond just a few well-established taxonomic groupings. This 
reflects a complex evolutionary history of monooxygenases, including both vertical and horizontal 
gene transfers, as well as loss events 93,178. The sMMO likely evolved from a versatile ancestor 
enzyme more recently than the other alkane and alkene monooxygenases in the SDIMO family 179. 
More so than the CuMMO, sMMO is most likely a product of lateral gene transfer, reflecting 
adaptation to specific environmental conditions 179. CuMMOs likely evolved from a parent enzyme 
with high substrate flexibility in the Proteobacteria, and after horizontal transfer events became 
integrated into the established metabolisms of other groups 93. The CuMMOs present an interesting 
case of orthologous evolution in the Proteobacteria. For example, gammaproteobacterial AMOs of 
Nitrosococcus fall near the gammaproteobacterial pMMOs of the Methylococcales 180. These 
enzymes overlap in their activity, with co-oxidation potential for methane and ammonia due to the 
configuration of their active sites 181. It is likely the downstream processing metabolisms and 
modifications to the active site under selective pressures that have determined their substrate 
preferences 93,182.  
Unlike ammonia oxidisers or methanotrophs, sequence divergence between the actinobacterial 
copper monooxygenases (ACMs) has been found to be relatively high and taxonomically distant, 
suggesting that HMO is not part of a core metabolism 168. Mycobacterium sp. NBB4 can grow on 
ethylene, ethane, propane and butane, however no growth has been observed on methane 168. 
Norcardiodes sp. CF8 has an HMO classified as a butane monooxygenase (BMO) that can use 
short-chain alkanes and is inactivated by light and allylthiourea, which are known inhibitors of 
pMMO and AMO, again highlighting the homology of these enzymes 183. Similar to 
Mycobacterium sp. NBB4, this microorganism did not grow on methane, but co-oxidation was not 
discussed. Smaragdicoccus niigatensis was isolated from an enrichment culture from petroleum 
contaminated soil, and was found to grow on hexadecane, though no growth has been observed on 
methane 184. Nocardioidaceae bacterium Broad-1 remains phenotypically uncharacterised 168. The 
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single example of CuMMO containing Deltaproteobacteria is cluster SAR324, most often found in 
low oxygen ocean environments 185. There are currently five genomes, three from single cell 
sequencing 185,186, one from a dark ocean hydrothermal plume 170, and most recently one from the 
Red Sea 187. SAR324 is suggested to be a mixotroph 187, with an HMO capable of oxidising and 
using C2-C4 alkanes 170, but as yet the co-oxidation of methane cannot be ruled out, particularly as 
methylotrophy pathways were identified in one genome 170. 
Addition of new genomes to these groups, through recovery from the Stordalen system have 
allowed for the expansion of the evolutionary context of these enzymes, and ammonia oxidation 
and methane oxidation in a broader context. This is the focus of Chapter 5. 
Research aims and summary of chapters 
Permafrost-associated environments are recognised hotspots for climate feedback on the forefront 
of environmental change. Research into the fate of carbon in these systems is of key importance to 
the contemporary discourse on global warming. A large body of literature focuses on the physical 
changes, biogeochemistry and biology of these systems, with recognition of the central role the 
microbial community plays through the act of degradation of newly thawed carbon. The microbial 
ecology of permafrost associated systems has advanced dramatically over the past 20 years, from 
the recovery of individual isolates, to cultivation-independent profiling and gene assays, to multi-
omics. Large metagenomic surveys are enabling the recovery of hundreds of genomes, but this data 
recovery must be examined in the context of ecological questions central to the environment of 
study to develop new biological insights. The overall aim of this thesis is to improve a broad 
understanding of the functional dynamics of the microbial communities involved in biogeochemical 
cycling in thawing permafrost, through metagenomics and metatranscriptomics, linked to 
biogeochemical data in a naturally occurring permafrost thaw gradient. The specific aims by chapter 
are as follows: 
1. To determine the phylogenetic and metabolic diversity of the Stordalen Mire thaw gradient 
microbial community involved in carbon processing (Chapter 2).  
2. To specifically identify and characterise methanotrophs, both canonical and novel, central to 
the moderation of methane at Stordalen Mire, and examine how this community and 
their activity changes as thaw progresses (Chapter 3).  
3. To investigate nitrification as thaw progresses, and the key microorganisms involved in 
transforming nitrogen, a limiting nutrient tightly linked to the carbon cycle (Chapter 4). 
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4. To determine the evolutionary history of methane and ammonia oxidation, through 
investigation of the particulate copper containing membrane-bound monooxygenase 
(CuMMO), and the soluble diiron monooxygenase (SDIMO) (Chapter 5). 
This research will provide insights into the microbial involvement in biogeochemical cycles at the 
forefront of climate change, specifically focusing on characterising novel uncultivated 
microorganisms that have been overlooked in past research. It will add to the knowledgebase 
required to begin incorporating microbial data into predictive models, and inform future efforts to 
isolate and fully characterise environmentally significant populations. 
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Abstract 
As global temperatures rise, large amounts of carbon sequestered in permafrost are becoming 
available for microbial degradation. However, accurate prediction of carbon gas emissions 
produced from thawing permafrost is limited by our understanding of the resident microbial 
communities and their associated carbon metabolism. Here, metagenomic sequencing of 214 
samples from intact, thawing and thawed sites collected over three years enabled the recovery of 
1,529 metagenome-assembled genomes (MAGs), including many from phyla with poor genomic 
representation. These genomes were shown to broadly reflect the diversity of this complex 
ecosystem with genus-level representatives recovered for >60% of the community, constituting a 
two orders of magnitude increase in the number of genomes available for understanding carbon 
processing in this environment. Metabolic reconstruction, supported by metatranscriptomic and 
metaproteomic data, revealed key populations involved in organic matter degradation, including 
bacteria encoding a novel fungal pathway for xylose degradation. Combined analysis of the 
microbial communities and geochemical data highlighted lineages correlated with the production of 
greenhouse gases and suggest novel syntrophic relationships. Our findings link changing 
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biogeochemistry to specific microbial lineages involved in each stage of carbon processing, 
providing key information for predicting the impact of climate change on these systems. 
Main 
Climate change-induced permafrost thaw is predicted to make up to 174 Pg of near surface carbon 
(<3 m) available for microbial degradation by 2100 2. Predicting the magnitude of carbon loss as 
carbon dioxide (CO2) or methane (CH4) is hampered by our limited knowledge of microbial organic 
matter (OM) metabolism in these environments. Genome-centric metagenomic analysis of 
microbial communities provides the necessary information to examine how specific lineages 
transform OM during permafrost thaw. However, these methods are challenged by the inherent 
complexity and spatial heterogeneity of near-surface soil communities that support diverse 
functional processes 188-190. Prior metagenomic studies in permafrost-associated soils from an 
Alaskan tundra 44 and a mineral soil permafrost 43 recovered 27 and 14 metagenome-assembled 
genomes (MAGs), respectively, which represent only a small fraction of the species present in these 
systems. However, the ability to recover MAGs from complex microbial communities is continually 
improving in parallel with advances in sequencing technology and bioinformatic techniques 37,191. 
The discontinuous permafrost at Stordalen Mire in northern Sweden is a model Arctic peatland (i.e. 
high-carbon) ecosystem for studying thaw progression 13. To gain an understanding of the microbial 
communities and their associated carbon metabolism, soil samples were collected from the active 
layer (seasonally thawed) of three sites across a thaw gradient: an intact palsa (seasonally thawed to 
~30 cm), a partially-thawed bog (~60 cm), and a fully-thawed fen (>1 m). While bogs and fens exist 
in diverse landscapes, thaw-associated shifts in hydrology cause them to be a common feature of 
thawing northern peatland permafrost systems (see Supplementary Methods). Triplicate soil cores 
and biogeochemical measurements were taken at each site from four active layer depths (near 
surface, mid, deep and extra-deep; 1-51 cm; Figure 1 & Supplementary Data File 1) over three 
growing seasons. In total, 1.7 Tbp of metagenomic sequence data was generated from 214 samples 
(2-165 Gbp per sample), with supporting metatranscriptomic and metaproteomic data from a subset 
of these samples (Supplementary Data File 1, 2). Metagenome assembly and differential coverage 
binning yielded 1,529 medium to high-quality MAGs (>70% complete and <10% contaminated) 
from a diverse range of bacterial (1,434 genomes) and archaeal phyla (95 genomes; Figure 2a & 
Supplementary Data File 3). The Stordalen Mire MAGs expand the number of genomes recovered 
from permafrost-associated soils by two orders of magnitude.  
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Figure 1: Genome-resolved view of the microbial communities at Stordalen Mire. a, Schematic of 
the permafrost thaw gradient. Permafrost is pale brown and the active layer is denoted with blue 
(saturated peat) and dark brown (non-saturated peat). b, Community profile derived from the 
abundance of MAGs (rows) across the active layer metagenomes (columns) from intact (brown), 
thawing bog (green) and thawed fen (blue) samples. Black lines divide each habitat and depth (1-51 
cm below the peat surface, where ‘E’ denotes extra-deep), and red lines separate samples taken 
above (left) and below (right) the water table at the time of sampling. c, Shannon diversity of each 
sample (filled circles) or averages for the sample’s thaw stage and depth (empty circles). 
To resolve the taxonomic distribution of the Stordalen Mire MAGs, phylogenetic trees were 
inferred from concatenated sets of single-copy marker genes (120 bacterial or 122 archaeal genes). 
The recovered MAGs spanned 30 phyla, including Bacteria belonging to Actinobacteria (385 
genomes), Acidobacteria (364 genomes), Proteobacteria (205 genomes), Chloroflexi (66 genomes) 
and Archaea from the Euryarchaeota (85 genomes). The Stordalen genomes substantially expand 
representation of several common soil dwelling lineages (Figure 2b), such as the ubiquitous 
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Acidobacteria, where genomic representation was increased three fold. MAGs were also recovered 
from many poorly characterized phyla, including 47 genomes from the bacterial candidate phylum 
Dormibacteraeota (AD3), 53 from Eremiobacteraeota (WPS-2), six from FCPU426 and eight 
archaea from the Bathyarchaeota (Figure 2, Supplementary Data File 4, 5). The Stordalen genomes 
broadly represent the major groups present in the system (Supplementary Figure 1) as well as many 
lineages previously detected in other permafrost-associated environments 32. Based on the diversity 
of ribosomal protein sequences detected in the metagenomes, we conservatively estimate that there 
are >24,000 strains inhabiting Stordalen Mire (Supplementary Note 1). The Stordalen genomes 
represent ~60% of microorganisms in the mire at the genus level (Supplementary Note 2), making 
this the most comprehensive recovery of genomes from a complex, natural soil environment to date. 
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Figure 2: MAGs recovered from Stordalen Mire (dereplicated at 97% average nucleotide identity). 
a, The unscaled phylogenetic tree built with the 647 recovered Stordalen MAGs, constructed from 
the concatenated alignment of single-copy marker genes (120 Bacteria, 122 Archaea). The first 
number in the brackets next to each phylum name is the number of Stordalen MAGs recovered from 
that phylum, the second number indicates the phylogenetic gain (as a percentage) of adding the 
recovered Stordalen MAGs to the publicly available genomes for each phylum in RefSeq version 
80. Phyla in red indicate previously poorly represented phyla, where phylogenetic diversity was 
increased by >20% by addition of the Stordalen genomes. b, A closer look at the contribution of 
phylogenetic novelty in the Acidobacteria, showing the Ca. Acidiflorens lineages prevalent in the 
bog and fen. Red lines indicate Stordalen genomes, and black lines indicate other publicly available 
genomes. c, The phylogenetic tree of Eremiobacteraeota with the CARN1 MAG of Bertin et al. 
(2011)192 indicated. d, The phylogenetic tree of the Dormibacteraeota phylum, with Ca. 
‘Changshengia’ indicated. e, The phylogenetic tree of Ca. Methanoflorentales MAGs, and closest 
neighbouring orders from NCBI. Ca. ‘M. stordalenmirensis’ recovered from Mondav et al. (2014) is 
indicated, as are the different lineages from the palsa, bog (Ca. ‘M. stordalenmirensis’) and fen (Ca. 
‘M. crillii’). This group appears to be quite distinct from the Methanocellales, within which it was 
previously placed, and likely forms its own distinct order (Ca. Methanoflorentales). Pie charts show 
phylogenetic gain (as a percentage). Blue triangles indicate clusters of publicly available genomes, 
and red triangles indicate clusters of Stordalen MAGs. Black dots indicate bootstrap values 70-
100%. Tree scales are shown for each subtree. Phylogenetic tree and multiple sequence alignments 
are provided in Supplementary Data File 4,5,9,11. 
Stordalen genomes were explicitly linked to the changing habitats by mapping their abundances 
across the thaw gradient (Figure 1, Supplementary Data File 6). Communities shifted substantially 
between sites (Supplementary Figure 2), with MAGs belonging to the Acidobacteria, 
Actinobacteria, Eremiobacteraeota, Alpha- and Gammaproteobacteria predominant in the palsa and 
bog (5 - 41% of the community), while Deltaproteobacteria, Bacteroidetes, Chloroflexi and 
Ignavibacteriae were almost exclusively observed in the fen (8 - 14%; Supplementary Figure 3). 
The extra-deep bog samples had the lowest diversity (Shannon index 3.74±0.24; Figure 1), 
potentially due to the ombrotrophic and anaerobic conditions in this environment, whereas the 
shallow samples from the minerotrophic fen were the most diverse (Shannon index 4.55±0.05; 
Figure 1). The fen also had 2.6× more microbial cells per gram of soil relative to the palsa and bog 
(Supplementary Figure 4). In the bog, decreasing oxygen availability with depth likely drives 
changes in community structure, with Euryarchaeota and Dormibacteraeota increasing in relative 
abundance with depth, and Eremiobacteraeota decreasing. In the fen, the Planctomycetes, 
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Omnitrophica and Spirochaetes increased in abundance with depth (Supplementary Figure 3). 
Consistent with the heterogeneity of soil environments 193,194, individual MAGs were typically only 
found at high abundance (>1%) in a limited number of samples (<4). However, a small number of 
MAGs belonging to the Acidobacteria, Actinobacteria, Proteobacteria and Euryarchaeota were 
ubiquitous at specific depths within the palsa, bog or fen (Supplementary Figure 5; Supplementary 
Table 1). For several genera, closely related MAGs were abundant at different depths 
(Supplementary Figure 6), reflecting fine-scale adaptation to distinct niches in the soil column. 
Metabolic reconstruction for the majority of the community at Stordalen Mire, combined with 24 
metatranscriptome and 16 metaproteome datasets, allowed examination of the key microorganisms, 
pathways and interactions responsible for OM degradation and the production of greenhouse gases 
(Figure 3; Supplementary Data File 1). The first stage in degradation involves the breakdown of 
high molecular weight plant-derived polysaccharides, primarily cellulose and hemicellulose, which 
make up a large proportion of peatland carbon 195. The ability to degrade these polysaccharides was 
a dominant feature of the Stordalen genomes across all three thaw environments (Supplementary 
Data File 7; Figure 3 ‘MAG abundances’ & ‘distribution boxplots’), with a sizeable fraction of the 
recovered genomes encoding cellulases and xylanases (39% and 37%, respectively, average 3.8 and 
2.6 copies per genome). This is consistent with inferences made in gene-centric metagenomic 
studies of Arctic fens and tundras 16,18, however, the genome-centric approach used here links these 
metabolic functions to specific populations.  
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Figure 3: Genome-centric analysis of community carbon metabolism across the thaw gradient. The 
key carbon degradation pathways and intermediates from complex polysaccharides to CH4 are 
shown by the boxplot headers and carbon compound boxes. The large circles have outlines colour-
coded by thaw stage (palsa = brown, bog = green, fen = blue). These large circles contain smaller 
circles (‘MAG abundances’ by phylum) representing the different MAGs within that thaw stage 
habitat that encode the genes for the pathways shown. The size of these ‘MAG abundances’ 
indicates the average relative abundance of that MAG in each stage of the thaw gradient, and the 
colour indicates the taxonomy (phylum). The ‘distribution boxplots’ are coloured by environment 
and stratified by depth, shown by the increase in grey (light grey = surface, deepest grey = extra 
deep). Boxplot y-axes indicate in a square root scale the cumulative relative abundances of the 
MAGs encoding the pathway of interest at the different sites. Line thickness connecting the 
intermediates represents the average relative transcript ‘expression’ (‘pathway expression’) of genes 
in each pathway as transcripts per million reads mapped (TPM) and is coloured by thaw stage. 
Lines denote whether proteins were detected (solid) or not detected (dashed) in the metaproteomic 
dataset for each pathway. Relative abundances between thaw stages were found to be a significantly 
different for all pathways shown. Coloured stars indicate relative abundances (ANOVA, p-value < 
0.05) of pathways that are significantly different between depths.  
Cellulase- and xylanase-encoding microorganisms, primarily belonging to the Acidobacteria 
(Figure 3 ‘MAG abundances’), were most abundant in the palsa surface (68% and 59% of the 
recovered community, respectively), and decreased with depth (Figure 3 ‘distribution boxplots’). 
The surface bog had the lowest percentage of microorganisms encoding these genes (34% and 24%, 
respectively), likely due to breakdown inhibition through the production of acids by Sphagnum 
moss overlaying the bog 196. The prevalence of these genes in acidobacterial genomes (61% and 
75%, respectively) and the high relative abundance of these microorganisms strongly suggests that 
Acidobacteria are the primary degraders of large polysaccharides in the palsa and bog (Figs. 1 & 3). 
Metatranscriptomic data confirmed these genomic inferences, with Acidobacteria producing the 
majority of cellulase and xylanase transcripts at these sites (Supplementary Figure 7). 
Metaproteomic analysis revealed protein expression for 45 cellulases and 27 xylanases primarily 
belonging to Acidobacteria in the bog (Supplementary Data File 2). A wider range of 
microorganisms are responsible for this functionality in the fen, including members of the 
Proteobacteria, Ignavibacteriae, Bacteroidetes, Verrucomicrobia, Chloroflexi, and Actinobacteria. 
However, the metatranscriptomic data indicates the Proteobacteria, Ignavibacteriae and 
Bacteroidetes have the highest expression of these genes in the fen, although only a limited number 
of proteins were detected. Notably most putative cellulose hydrolyzers also encode a xylanase (59% 
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of genomes), with the exception of actinobacterial hydrolyzers, which typically only encode 
cellulases (87%). However, unlike findings in other Arctic systems 197, both metatranscriptomic and 
metaproteomic data show that the actinobacterial cellulases are not highly expressed, indicating that 
these microorganisms play a minor role in polysaccharide degradation at Stordalen Mire. The 
unexpected high abundance of hydrolyzers in the palsa suggests that the microbial community 
contributes to physical compaction through decomposition of surface organic matter, as evidenced 
by increases in bulk density with depth (Supplementary Note 3), and that this contribution likely 
augments thawing of underlying permafrost as the primary driver of subsidence.  
Breakdown of polysaccharides into simple sugars is the primary source of energy and carbon for the 
microbial community 18. β-glucosidases for disaccharide degradation were encoded by the majority 
of microorganisms in all sites (75%, 84% and 66% of palsa, bog and fen communities), with 
transcript expression primarily by Acidobacteria in the palsa and bog, and Bacteroidetes in the fen 
(Supplementary Figure 8). The metaproteomes supported the high expression of β-glucosidase 
proteins by Acidobacteria in the bog (198 out of 216 detected proteins). Degradation pathways for 
the monosaccharides glucose, galactose and xylose were also prevalent in the MAGs 
(Supplementary Note 4, Supplementary Figure 9). Of the 237 microorganisms potentially capable 
of xylan degradation, 108 appear to be involved in xylose degradation using the canonical bacterial 
isomerase pathway 198 (Supplementary Figure 10). These genomes were common in the surface 
palsa (40% of the microbial community), deep bog (49%) and throughout the fen (51%), similar to 
the distribution of microorganisms capable of degrading the precursor xylan. Following genome 
distribution, transcription of this pathway was highest in the fen by Bacteroidetes and 
Ignavibacteriae (Figure 3 ‘pathway expression’; Supplementary Figure 11). Members of the 
Acidobacteria, Actinobacteria and Verrucomicrobia showed highest transcription of this pathway in 
the bog, while expression was limited to Actinobacteria in the palsa (Supplementary Figure 11). 
Intriguingly, 50 actinobacterial MAGs were capable of xylose degradation, despite 44 being unable 
to degrade the precursor xylan, indicating that they are reliant on the activity of xylan hydrolyzers.  
Only a small fraction of the dominant acidobacterial xylan hydrolyzers encode the necessary genes 
for the canonical isomerase pathway for xylose degradation (30 of 111 genomes). One possible 
alternative is via xylonate dehydratase, which was encoded by smaller number (23) of 
Acidobacteria, indicating they may degrade xylose through a membrane-bound glucose 
dehydrogenase as previously observed only in Gluconobacter oxydans 199 (Supplementary Note 5). 
A closer inspection of acidobacterial xylan hydrolyzing MAGs revealed an oxidoreductase pathway 
for the conversion of xylose into xylulose only previously identified in fungi (37 genomes; 
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Supplementary Note 5) 200-202. MAGs belonging to the Actinobacteria and Chloroflexi also encoded 
this pathway, together comprising 13% of the community across the thaw gradient. Genes involved 
in the oxidoreductase pathway were expressed in metatranscriptomes from across the mire by 
acidobacterial and actinobacterial populations, and were more highly expressed than those of the 
canonical isomerase pathway in both palsa and bog sites (Figure 3 ‘pathway expression’, 
Supplementary Figure 11). Nine MAGs expressed proteins for this pathway, primarily in the bog, 
confirming that this novel pathway is in use and likely accounts for a substantial fraction of xylose 
degradation at the mire (Supplementary Data File 2). The detection and expression of several 
distinct pathways for xylose degradation, often occurring in the same genome (Supplementary 
Figure 12), reveals that one or multiple pathways may be active under specific environmental 
conditions (Supplementary Note 5).  
In the anaerobic layers of the peat column, where availability of inorganic terminal electron 
acceptors (TEAs) limits respiratory processes 19,203, fermentation and acetogenesis are essential 
pathways for the further degradation of monosaccharides, and supply the substrates for 
methanogenesis. Fermentation produces low molecular weight alcohols and organic acids such as 
ethanol, propionate, acetate and lactate, as well as hydrogen and CO2 19,204. In the palsa and bog, 
lactate fermentation is a common metabolism encoded by actinobacterial and acidobacterial MAGs 
(Figure 3 ‘MAG abundances’), which are particularly abundant in the bog surface (36% and 16% of 
the community respectively), but decrease with depth (Figure 3 ‘distribution boxplots’). Transcript 
expression of this pathway, while low across all sites (Supplementary Figure 13), appears to be 
mostly limited to these lineages in the bog (Supplementary Figure 14). Conversely, populations 
belonging to Chloroflexi, Ignavibacteriae, Bacteriodetes, and Proteobacteria appear to be the 
primary lactate metabolisers in the fen (9%, 7%, 5% and 5% respectively), with Ignavibacteriae the 
most transcriptionally active (Supplementary Figure 14). A small fraction of Stordalen genomes are 
capable of ethanol and propionate fermentation (Figure 3 ‘MAG abundances’), and expression of 
these pathways is low and mainly limited to the palsa and bog (Supplementary Figure 13). The 
abundance of these microorganisms in the palsa suggests that they are potentially important 
fermenters during the early stages of thaw (Figure 3 ‘distribution boxplots’). Acetate generating 
microorganisms, including both fermenters and homoacetogens, were most abundant in the fen 
across all depths, which suggests increased acetate production in this environment and is consistent 
with a preference for pH neutral environments (Figure 3 ‘distribution boxplots’) 19,203. Fen 
acetogens belong to the Ignavibacteriae, Bacteroidetes and Verrucomicrobia, whereas in the palsa 
and bog this metabolism was limited to a small number of Acidobacteria, Actinobacteria and 
Verrucomicrobia (Figure 3 ‘MAG abundances’). These distributions were also observed in the 
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metatranscriptomes (Supplementary Figure 13), with Bacteroidetes, Ignavibacteriae and 
Proteobacteria contributing to the slightly higher expression of acetogenesis transcripts in the fen, 
compared to expression by Acidobacteria and Verrucomicrobia in the bog (Supplementary Figure 
14). While acetate can be oxidised using available inorganic TEAs 205 (e.g. sulphate, nitrate), these 
are at very low concentrations in Stordalen Mire (Supplementary Data File 8). The unexpectedly 
high ratio of CO2 to CH4 produced at the site 206 (16:1 in the bog and 7:1 in the fen; Supplementary 
Figure 15) may signal the oxidation of fermentation products including acetate using organic TEAs 
such as humic substances 205,207,208. 
Methanogenesis is the final step in anaerobic carbon transformation and is responsible for the CH4 
generated at the mire. Consequently this pathway is of critical concern in thawing permafrost 
peatland systems where CH4 release is rapidly increasing 209. Of the 95 archaeal genomes recovered 
(Figure 2), 76 were identified as hydrogenotrophic methanogens (H2- and CO2- utilising), which 
alongside high transcript and protein expression (Supplementary Figure 16) suggests that this is the 
dominant form of CH4 generation at the mire and supports inferences made from gene-centric 
approaches in similar environments 210. Hydrogenotrophic methanogens increased in abundance, 
diversity and activity as thaw progressed from bog to fen (Figure 3 ‘MAG abundances’), consistent 
with the increase in CH4 flux 13, with mid and deep fen samples having the highest relative 
abundance of these methanogens (Figure 3 ‘distribution boxplots’). Importantly, the recovery of 51 
hydrogenotrophic methanogen genomes closely related to the recently discovered Ca. 
‘Methanoflorens stordalenmirensis’ greatly expands the representation of this novel, globally 
distributed methanogenic lineage 31. These new genomes also revealed the presence of two habitat-
specific clades derived from the bog and fen, respectively, that appear to represent distinct species 
based on average amino acid identity (80-85% AAI; Ca. ‘M. stordalenmirensis’ from bog and 
Candidatus ‘Methanoflorens crillii’ sp. nov. from the fen). The increased genomic representation 
supports phylogenetic placement of these species within a distinct order of Methanomicrobia, 
Candidatus ‘Methanoflorentales’ ord. nov. (Figure 2, Supplementary Data File 5). Only six low-
abundance acetoclastic methanogens were recovered, primarily from the fen where acetogenesis 
was also prevalent (Figure 3 ‘MAG abundances’). Additionally, two H2-dependent methylotrophic 
methanogens within the order Methanomassiliicoccales were recovered, but were present at very 
low abundance (0.1% in the fen) with low transcriptional activity, making it unlikely that they 
contribute substantially to methane production at the mire (Supplementary Figure 16). 
The CH4 produced by methanogens is released to the atmosphere or oxidized to CO2 by 
methanotrophs. While anaerobic methanotrophs (e.g. ANME) were not detected, MAGs of eleven 
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aerobic methanotrophs belonging to the families Methylocystaceae (7 genomes), Beijerinckiaceae 
(2) and Methylococcaceae (2) were recovered (Figure 2). At the mire, members of the 
Methylocystaceae and Beijerinckiaceae were predominantly found in the bog, and 
Methylococcaceae populations were found in the fen (Figure 3 ‘MAG abundances’), following the 
known environmental distributions of these lineages 92. Consistent with CH4 availability, 
methanotrophs were present at most depths in the bog, and predominantly the surface and mid 
depths in the fen (Figure 3 ‘distribution boxplots’). Expression of methanotrophy transcripts was 
greatest in the fen, but also high in the palsa and bog, and protein expression was detected in all 
three environments (Figure 3 ‘pathway expression’). The presence of methanotrophs in the deep 
region of the peat columns supports recent findings that microaerobic environments have sufficient 
oxygen for the growth of specialised methanotrophs 20. In contrast to the bog and fen, the palsa is 
predominantly aerobic with minimal methane production, and appears to only support a very low 
abundance of methanotrophs (Figure 3 ‘MAG abundances’). The high relative abundance of 
methanogens to methanotrophs in the fen (24:1 per core) and their likely production and 
consumption rates, suggest that methanotrophs mitigate only a small amount of CH4 before it is 
released to the atmosphere, consistent with observed methane production from this fen 28. A lower 
CH4 flux in the bog corresponds to a lower abundance of methanogens, and a lower ratio to 
methanotrophs (7:1 per core), which suggests that the amount of mitigated CH4 may be significant 
in this environment (Supplementary Figure 17).  
The activity of methanogens and methanotrophs alters the 13C/12C isotopic ratio of CH4 dissolved in 
the porewater 211. A previous 16S rRNA gene amplicon survey at Stordalen Mire revealed that the 
abundance of the methanogen Ca. ‘M. stordalenmirensis’ was the best single predictor (relative to 
other microbial and environmental/geochemical variables) of carbon isotopic fractionation during 
methane production at the bog in 2011 28. This showed Ca. ‘M. stordalenmirensis’ was primarily 
responsible for the isotopic signature of CH4 released from the bog sites to the atmosphere, and 
provided a direct link between peat microbial communities and atmospheric climate models. The 
correlation of Ca. ‘M. storadalenmirensis’ to the isotopic signature of CH4 was confirmed by the 
metagenomes for both 2011 and 2012, with the relative abundance of 19 Ca. ‘M. stordalenmirensis’ 
MAGs in the bog again explaining more variation than bulk environmental variables (2011 R2 0.43, 
p-value 6×10-4; 2012 R2 0.48, p-value 2×10-4; Supplementary Figure 18, Supplementary Table 4). 
Here, our genome-centric metagenomic analysis allows us to further investigate the ecological 
mechanisms that may be driving these relationships. Based on the high abundance of Acidobacteria 
at the site and their involvement in polysaccharide degradation, the impact of these microorganisms 
on biogeochemistry was explored. The relative abundance of a previously uncharacterised 
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acidobacterial population, Candidatus ‘Acidiflorens stordalenmirensis’ gen. nov. sp. nov. was 
significantly correlated with the isotopic composition of methane (R2 0.40, p-value 2×10-6), and 
even more strongly correlated with the relative abundance of Ca. ‘M. stordalenmirensis’ (R2 0.82, 
p-value < 2×10-16 in bog sites; Figure 4, Supplementary Note 6). 
 
Figure 4: Relative abundance correlations and metabolic reconstruction of Ca. ‘Acidiflorens’. a, 
Correlation of relative abundances of the Ca. ‘Acidiflorens stordalenmirensis’ with δ13C of 
porewater CH4 in bog sites. b, Correlation of the relative abundances of Ca. ‘Methanoflorens 
stordalenmirensis’ and Ca. ‘Acidiflorens stordalenmirensis’ in bog samples. c, Correlation of the 
relative abundances of Ca. ‘Methanoflorens crillii’ and Ca. ‘Acidiflorens’ sp. 2 in fen samples. d, 
Metabolic reconstruction of genomes recovered from Ca. ‘Acidiflorens’. Differential presence of 
37 
 
genes in pathways for the two lineages is indicated by color-coding, as in the inset Venn diagram in 
the key. Functional units shown in grey are absent. Dotted lines indicate the movement of hydrogen 
that independent of enzymes. In purple a cell cartoon is shown of Ca. ‘Methanoflorens’ spp. 
consuming hydrogen produced by Ca. ‘Acidiflorens’ spp. 
A detailed metabolic analysis of Ca. ‘A. stordalenmirensis’ and the 49 other genomes belonging to 
the genus Ca. ‘Acidiflorens’ revealed metabolic capabilities that suggest members of this lineage 
are facultative syntrophs (Figure 2b). Members of the Ca. ‘Acidiflorens’ contain genes for the 
fermentation of a wide range of substrates including xylan, fatty acids, oxalate and fructose, and 
encode numerous hydrogenases indicating the potential for H2 production and consumption (Figure 
4d, Supplementary Note 7). These genomes also encode and express benzylsuccinate synthase 
genes which are key in the hydrolysis of aromatic compounds via a modified β-oxidation pathway 
212, suggesting that they can degrade more recalcitrant organic matter, consistent with their 
prevalence in deep bog samples. Surprisingly, Ca. ‘Acidiflorens’ encode key components of a 
sulphate reduction pathway, a pathway not previously observed in Acidobacteria, likely allowing 
the use of sulphate as an electron acceptor when available 213,214. However, rather than competing 
with methanogens, some sulphate-reducing bacteria are known to form H2 when sulphate is 
unavailable, and subsequently work in syntrophy with methanogens 215-217. Since sulphate 
availability is limited in the mire (Supplementary Data File 8), the significant correlation between 
these lineages and the carbon isotopic fractionation of porewater CH4 suggests that Ca. ‘A. 
stordalenmirensis’ and Ca. ‘M. stordalenmirensis’ are in a syntrophic relationship based on inter-
species hydrogen transfer. This likely lowers the hydrogen partial pressure making fermentation 
more thermodynamically favourable for Ca. ‘A. stordalenmirensis’ 213,218 (Figure 4d). This 
syntrophy is also observed in the fen sites between closely related populations, as the relative 
abundances of a Ca. ‘Methanoflorens’ species (Ca. ‘M. crillii’; see above) and a second Ca. 
‘Acidiflorens’ species (Ca. ‘Acidiflorens’ sp. 2), both of which are only detected in the fen, were 
also correlated (R2 0.19, p-value 10-4; Figure 4c). Unfortunately the two Ca. ‘Acidiflorens’ species 
were in low abundance in the samples selected for metatranscriptomic analysis, and only transcripts 
for a small number of housekeeping and hypothetical genes were detected. The species-level 
resolution afforded by the genome-centric metagenomic approach allowed identification of 
potential interactions between microorganisms and biogeochemistry that would have been missed 
using traditional gene amplicon surveys. 
Another key but poorly constrained biogeochemical parameter in global CH4 models is the 
percentage of carbon mineralized to CO2 versus CH4 219. We directly examined the relationship of 
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microbial lineages in the bog with the porewater CH4:CO2 and identified a significant positive 
correlation with a genus within the candidate phylum Dormibacteraeota, named here Candidatus 
‘Changshengia’ gen. nov. (R2 0.19, p-value 0.001; Figure 2, Supplementary Figure 19). The high 
abundances of Dormibacteraeota in the mid and deep layers of the palsa and bog facilitated 
recovery of 47 MAGs, including 14 from Ca. ‘Changshengia’ (Figure 1), and expanded genomic 
representation of the Dormibacteraeota phylum by three fold. Members of Dormibacteraeota have 
previously been detected in 16S rRNA gene sequences from subsurface soil and permafrost-
associated environments 41,220,221, with three genomes most recently recovered from Antarctic 
soil222. Metabolic reconstruction of the Dormibacteraeota genomes revealed diverse metabolic traits 
(Supplementary Figure 20), including aromatic degradation, sugar fermentation, fumarate reduction 
and nitrate reduction. Ca. ‘Changshengia’ was found to oxidise glycerol, an important 
cryoprotectant in this Arctic environment 223,224, and its derivatives glycerol 3-phosphate and 
dihydroxyacetone. Genes for the oxidation of glycerol from the Ca. ‘Changshengia’ MAGs were 
also found to be highly expressed in the metatranscriptomes of deeper bog layers (Supplementary 
Figure 20). Based on the abundances of these genes and evidence of their transcript and protein 
expression (Supplementary Figure 20), it is possible that Ca. ‘Changshengia’ ferments glycerol 
leading to the production of H2 225, which is transferred to methanogens, increasing the ratio of CH4 
to CO2 in the porewater. 
Conclusion 
Here, genome-centric metagenomic analysis of a permafrost thaw gradient allowed the recovery of 
1,529 MAGs, significantly increasing the number of genomes sequenced from permafrost-
associated environments. Analysis of these genomes, their abundances and expression enabled 
correlations between specific microbial populations and biogeochemistry to be identified, and 
revealed key populations driving the mineralisation of OM from plant-derived polysaccharides 
through to simple sugars, and the greenhouse gases CO2 and CH4. Future efforts combining 
genome-centric metagenomics, metatranscriptomics, metaproteomics and metabolomics with 
integrated biogeochemical data will further improve our understanding of large-scale complex 
global processes, and inform Earth-system models for accurate predictions of climate-induced 
change. 
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Etymology 
Description of ‘Candidatus Methanoflorens crillii’ sp. nov. 
‘Candidatus Methanoflorens crillii’ [´cril.lii. N. L. gen. n. ‘crillii’, named after Prof. Patrick Crill, 
Stockholm University, Sweden, in recognition of his work on understanding of biogeochemical 
processes at the landscape scale (thawing permafrost) including greenhouse gases emission under 
the impact of climate change]. 
Candidatus Methanoflorens crillii sp. nov. is the second species recognised in the genus 
‘Candidatus Methanoflorens’. The description is as provided by Mondav et al. (2014) for the genus 
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with the following additional properties. The species can be differentiated from the recognised ‘Ca. 
M. stordalenmirensis’ on the basis of phylogenetic analyses showing them to be monophyletic and 
sufficiently distinct average amino acid identity between encoded proteins. 
Description of ‘Candidatus Acidiflorens stordalenmirensis’ gen. nov., sp. nov. 
‘Candidatus Acidiflorens stordalenmirensis’ [A.ci.di.flo´rens. N.L. n. acidum (from L. adj. acidus, 
sour), an acid; N.L. masc. substantive from L. masc. part. adj. florens, flourishing, to bloom; N. L. 
masc. n. Acidiflorens, an organism that blooms in acid; stor.da.len.mi.ren´sis. N.L. masc. adj. 
‘stordalenmirensis’, of or belonging to Stordalen Mire, Sweden from where the species was 
characterised]. 
Description (brief). Phylogenetic analyses of genes/markers indicated that this species is different 
from all other recognised genera in the family Acidobacteriaceae. 
Description of ‘Candidatus Changshengia’ gen. nov. 
‘Candidatus Changshengia’ [Chan.gshen´gia. N. L. fem. n. ‘Candidatus Changshengia’, named in 
honor of Prof. Changsheng Li of The University of New Hampshire, a developer of the 
DeNitrification-DeComposition (DNDC) ecosystem model that contributed to our understating of 
the soil biogeochemical processes occurring in a variety of terrestrial ecosystems and climatic 
conditions].  
Candidatus Changshengia gen. nov. is the second proposed and characterised genus in the phylum 
Dormibacteraeota. The delineation of genus is based on average amino acid identity between 
encoded proteins. 
Description of ‘Candidatus Methanoflorentales’ ord. nov. 
‘Candidatus Methanoflorentales’ (N.L. masc. adj. ‘Candidatus Methanoflorens’, type genus of the 
order; suff. –ales, ending to denote an order; N.L. fem. pl. n. ‘Candidatus Methanoflorentales’ the 
order of the genus ‘Candidatus Methanoflorens’). 
The description is the same as given for the type genus ‘Candidatus Methanoflorens’ and the family 
‘Candidatus Methanoflorentaceae’ Mondav et al. (2014) with the following modifications. The 
delineation of the order is determined by phylogenetic analyses showing that the Methanocellales 
would otherwise be paraphyletic. The order currently comprises two species ‘Candidatus M. 
stordalenmirensis’ and ‘Candidatus M. crillii’. The type genus is ‘Candidatus Methanoflorens’. 
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Methods 
Study Site 
Stordalen Mire is a peatland in northern Sweden (68 22’ N, 19 03’ E), 10 km south east of Abisko. 
The study site is as described previously 31. The three sub-habitats of the study site are common to 
northern wetlands, and together cover ~98% of Stordalen Mire’s non-lake surface 13. These proceed 
from well-drained palsas underlain by permafrost, and dominated by ericaceous and woody plants, 
to intermediate-thaw bogs with variable water table depth, dominated by Sphagnum spp. mosses, to 
fully thawed and inundated fens dominated by sedges such as Eriophorum angustifolium. A thaw-
associated shift in these habitats was documented between 1970 and 2000, as palsa collapsed and 
bogs and fens expanded by 3% and 54%, respectively13. These habitats exist in an intermingled 
mosaic, as is common in discontinuous permafrost zones, and the specific palsa, bog and fen that 
were sampled in this study are directly adjacent such that all cores were collected within a 120m 
radius. 
This formation of wetlands after permafrost thaw is a widespread characteristic of peatlands 
affected by permafrost loss 226-229. As frozen ground thaws it collapses, forming bogs and fens. 
Where this subsidence increases hydrologic connectivity, as at Stordalen, it can create a progression 
from ombrotrophic bogs to minerotrophic fens. A similar successional shift from bogs dominated 
by Sphagnum spp. to tall sedge fens has been observed in other northern peatlands 226,227,230,231. The 
uncertainty surrounding the extent and characteristics of wetland formation from permafrost thaw is 
a critical limitation to modeling and understanding carbon–climate feedbacks 232,233. Improved 
characterization of post-thaw microbial communities and carbon transformation processes, as 
advanced in this study, can directly address this uncertainty. 
Geochemistry 
Across the thaw chronosequence, porewater CH4 and CO2 measurements and their 13C isotopic 
composition were sampled as described previously 206. The δ13C-CH4 is affected by the δ13C-CO2, 
because of the use or production of CO2 during CH4 generation, so the isotopic fractionation factor 
is used to report the isotopic separation of CH4 and CO2 234. The αC value reports the effective 
fractionation of C in CH4, as the δ13C-CH4 relative to source material represented by δ13C-CO2. 
The effective fractionation factor of carbon in the porewater CH4 relative to CO2 (αC) was 
calculated as described previously 28,234.  
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DNA extraction and metagenome sequencing 
DNA extractions were undertaken as described previously 31, with additional extractions undertaken 
from samples taken in 2012. Metagenome sequencing was performed for 2011 and 2012 using 
100ng of the DNA in TruSeq Nano (Illumina) library preparation. For low concentration DNA 
samples, libraries were created using 1ng of DNA with the Nextera XT DNA Sample Preparation 
Kit (Illumina). 2012 libraries were sequenced on 1/12th of an Illumina HiSeq2000 lane producing 
100bp paired-end reads, although some 2012 and 2011 samples were selected for deeper 
sequencing. Libraries from 2011 were sequenced 1/24th of an Illumina NextSeq, producing 150bp 
paired end reads. See Supplementary Data File 1 for details of sequencing depth per sample. 
Quantitative real time PCR 
A quantitative polymerase chain reaction (qPCR) analysis was performed on selected samples 
quantify microbial load. After pre-diluting 1/100, PCR was set up using 5µl of 2X SYBR 
Green/AmpliTaq Gold DNA Polymerase mix (Life Technologies, Applied Biosystems), 4µl of 
microbial template DNA and 1µl of primer mix. The 16S 1406F/1525R primer set (0.4µM) was 
designed to amplify bacterial and archaeal 16S rRNA genes: F - GYACWCACCGCCCGT and R - 
AAGGAGGTGWTCCARCC. The rpsL F/R primer set (0.2µM), used for inhibition control, 
amplifies Escherichia coli DH10B only: F - GTAAAGTATGCCGTGTTCGT and R - 
AGCCTGCTTACGGTCTTTA. Three dilutions 1/100, 1/500 and 1/1000 (microbial template DNA, 
16S 1406F/1525R primer set) as well as an inhibition control (E. coli DH10B genomic DNA, rpsL 
primer set) were run in triplicate for each sample. The PCR was run on the ViiA7 platform (Applied 
Biosystems) including a cycle of 10 min at 95C (AmpliTaq activation) and 40 cycles of [ 15 s at 
95C followed by 20 s at 55C and 30 s at 72C ]. A melt curve was produced by running a cycle of 2 
min at 95C and a last cycle of 15 s at 60C. The cycle threshold (Ct) values were recorded and 
analyzed using ViiA7 v1.2 software. 
CopyRighter235 v0.46 was applied to qPCR counts to correct for 16S copy number variation. 
CopyRighter normalises the relative abundances across OTUs for each sample after dividing by the 
estimated copy number in a pre-computed table. The OTU genomic abundance is then obtained by 
multiplying by the total abundance number. A new CopyRighter database table was generated for 
the 2013 GreenGenes taxonomy (Supplementary Data File 12), with copy number estimates for leaf 
OTUs as the average copy number of IMG version 4.1 genomes mapped to GreenGenes genomes 
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and clustered at 99% sequence identity, and for higher taxonomic levels inferred copy numbers for 
the clade common ancestor. The inferred copy numbers for higher taxonomies were propagated to 
descendent lineages without known copy numbers. 
SingleM 
To determine microbiome diversity and community structure, SingleM was applied to reads from 
each sample (Woodcroft et al., unpublished, source code available at 
https://github.com/wwood/singlem). 
Diversity calculations 
Shannon diversity 236 was calculated based on SingleM counts, rarefying to 100 sequences per 
marker gene when >100 sequences were detected and excluding samples otherwise. Vegan 237 was 
used to calculate the diversity given the rarefied SingleM OTU table across each of the 15 marker 
genes, and the average was plotted in Figure 1. 
Genome assembly and binning 
Each sample’s reads were assembled individually using CLC Genomics Workbench version 4.4 
(CLC Genomics) with an estimated insert size of 50-500, generating 214 assemblies. Differential 
coverage binning was undertaken by mapping all reads from each sample of site (palsa, bog or fen) 
to all assemblies of that site, using BamM ‘make’ (Imelfort and Lamberton et al., unpublished, 
http://ecogenomics.github.io/BamM/) version 1.3.8-1.5.0, BWA 0.7.12 238, samtools 239, and GNU 
parallel 240. Each sample’s scaffolds were then binned using MetaBAT 3127e20aa4e7 46 using the 
sample’s contigs and each of the BAM files as points of differential coverage. 
The CheckM241 v1.0.4 “lineage_wf” pipeline was used to determine completeness and 
contamination of the MAG bins through the identification and quantification of single copy marker 
genes, making use of pplacer 1.1 alpha 16 242. Genomes estimated to be more than 70% complete 
and less than 10% contaminated were designated the “Stordalen MAGs”. 
MAG dereplication and taxonomic classification 
When calculating relative abundance, to alleviate multi-mapping issues, genomes were first 
dereplicated at 97% average nucleotide identity (ANI). First, amino acid identity was calculated 
between all genomes using the CompareM (v.0.0.17) AAI workflow (“comparem aai_wf”, Parks, 
unpublished, https://github.com/dparks1134/CompareM). Genomes with an AAI of >95% were 
compared with each other using “calculate_ani.py” (Pritchard, unpublished, 
https://github.com/widdowquinn/scripts). Genomes with >97% ANI over >70% alignment were 
clustered together using single-linkage clustering, and the genome with highest quality in each 
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cluster was chosen as the representative, where quality was calculated as “completeness - 
4*contamination”, as estimated by CheckM above. The cluster representative for each recovered 
MAG is provided in Supplementary Data File 3. The CompareM AAI workflow was also used to 
determine average amino acid identities between cluster representatives to determine the specific 
clades (Supplementary Note 6). 
Genome tree and phylogenetic inference of 1529 population bins 
Phylogenetic inference was conducted in order to classify the MAG bins and used an in-house 
pipeline described in detail previously 243, the genome taxonomy database (GTDB v2.1.15) 
(Chaumeil & Parks, unpublished, https://github.com/Ecogenomics/GTDBNCBI). Briefly, a set of 
122 archaeal and 120 bacterial specific single-copy marker genes were used to infer domain specific 
trees incorporating the 1529 MAGs, a reference set of genomes from NCBI (RefSeq 244 release 80), 
and the recently published UBA genomes 50. The concatenated alignment of these marker genes 
was created using HMMER v3.1.b2, and used as a basis for FastTree v2.1.9 245 tree building under 
the WAG + GAMMA model and using the approximately maximum likelihood method. This tree 
was then bootstrapped using genometreetk v0.0.35 (Parks, unpublished, 
https://github.com/dparks1134/GenomeTreeTk), calculating bootstrap support from 100 FastTree 
iterations. The associated taxonomy was derived using NCBI annotations, and was used to decorate 
the tree using tax2tree 246 and adjusted manually. Trees were visualised in ARB v6.0.6 247, and 
exported into ITOL 248 for further refinements before final editing in Inkscape. For the overall 
Bacteria and Archaea tree the dereplicated set of 647 genomes were selected in ARB and exported 
for viewing in ITOL. For the Acidobacteria tree (Figure 3 panel c), Aminicenantes, including two 
Stordalen MAGs, and the recently reported Ca. Fischerbacteria 191 were included as likely classes 
within the Acidobacteria based on GTDB analysis (http://gtdb.ecogenomic.org/). The bootstrapped 
Newick trees for the overall Bacteria and Archaea trees are found in Supplementary Data File 4 and 
4. Phylogenetic gain (Figure 2 pie charts) was calculated using genometreetk pd_clade, and based 
on the added phylogenetic distances introduced to current phyla (comprising refseq release 80 and 
UBA genomes) by including the 1529 Stordalen MAGs. 
Calculation of relative abundance 
To calculate the relative abundance of each genome in each lineage, reads from each sample were 
mapped to the set of dereplicated genomes using BamM “make”. Low quality mappings were 
removed with BamM v1.7.3 “filter” (minimum identity 95%, minimum aligned length 75% of each 
read) and the coverage of each contig calculated with BamM “parse” using “tpmean” mode, so 
calculating the coverage as the mean of the number of reads aligned to each position, after 
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removing the highest 10% and lowest 10% of positions. The coverage of each MAG was calculated 
as the average of contig coverages, weighting each contig by its length in base pairs. The relative 
abundance of each lineage in each sample was calculated as its coverage divided by the total 
coverage of all genomes in the dereplicated set. 
Genomes which were differentially abundant by depth 
To determine which lineages were differentially abundant between surface and deep samples, the 
set of relative abundances from each surface sample was compared to the set of relative abundances 
in the deep samples. The mean and statistical significance of the difference was calculated use R 
v3.3.2 249. To determine the average amino acid identity between pairs of samples, the “aai_wf” of 
CompareM v0.0.7 (Parks, unpublished, https://github.com/dparks1134/CompareM) was used using 
the protein sequences predicted by PROKKA as input. 
Annotation 
Gene calling and preliminary annotation was undertaken with PROKKA 1.11 250. The genome was 
either annotated as Archaea or Bacteria, based in an inferred domain derived from the genome tree 
detailed above. 
Annotation of glycoside hydrolase genes 
All proteins predicted from all recovered genomes were screened using HMMSEARCH251 using the 
dbCAN HMMs v5 252, using default parameters, then results post-processed to remove hits with e-
value > 1e-18 and HMM coverage of < 0.35, where coverage was calculated as (hmm_to - 
hmm_from / qlen). Any genes with a hit passing these thresholds was then mapped to an EC 
number 253 using DIAMOND v0.8.27.89 254, with a database of all genes annotated with a fully 
defined (4 number) E.C. number. This database of E.C. annotated genes was generated by gathering 
a list of GenBank identifiers of all characterised genes from each CAZy webpage 255 (listed 
http://www.cazy.org/Glycoside-Hydrolases.html) using a custom Ruby script and then downloading 
the corresponding protein sequences from GenBank. 
Annotation of carbon metabolism 
Annotation was undertaken using in-house scripts, which assign KEGG orthology to each gene via 
HMMs, taking the best hit and requiring an e-value of <1e-5. Encoding of whole pathways was 
inferred from genomes through the application of KEGG modules, both those available from KEGG 
as well as a number of custom modules (Supplementary Data File 13). 
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Production and consumption rates of methane 
Per-cell methane production and consumption rates were taken from studies of isolate cultures (for 
production 0.19 - 4.5 fmol CH4 cell-1 h-1 256-258 and for consumption 0.2 - 40 fmol CH4 cell-1 h-1 
84,167,259). Rates were taken as the mean of these rates for production and consumption rates, 
respectively. 
Oxidoreductase pathway gene phylogenetic trees 
Phylogenetic analysis was performed on genes from the previously fungal-associated 
oxidoreductase pathway for xylose catabolism. For each of the three genes in the pathway, 
sequences were sourced from the KEGG database, genomes from the RefSeq database and the 
Stordalen Mire genomes. Reference sequences from the RefSeq v78 genomes were extracted using 
the same pipeline used to annotate the Stordalen Mire MAGs. KEGG sequences were downloaded 
via UniProt and Stordalen mire sequences were sourced from the set of 1529 MAGs. Sequences 
from KEGG, RefSeq and Stordalen genomes were pooled, aligned using MAFFT 260 and 
phylogenies were inferred using FastTree245. Phylogenies were visualised in ARB 247 and each tip 
on the tree was coloured according to its source.  
Bulk density measurements 
Data is from one palsa core sample taken from July 2013. In the field, 50 cm3 aliquots of fresh peat 
from each core section were removed and frozen. In the lab, each 50 cm3 section of peat was 
weighed, freeze dried and then reweighed. Bulk densities were determined gravimetrically and 
calculated from the freeze-dried weights of the volumetric sections. Water contents were 
determined by the percent change in weight of the peat before and after freeze-drying.  
Metatranscriptomics 
Metatranscriptome sequencing was conducted on select samples from 2010, 2011 and 2012, 
comprising four palsa, eight bog and twelve fen samples. ScriptSeq Complete (Bacterial) low-input 
library preparation kits (Epicentre, Madison WA) were used with 240ng of sample RNA that had 
been co-extracted alongside the DNA from the initial sample material as input as described 
previously. Agilent 2100 Bioanalyzer and Agilent 2200 Tapestation (Agilent Technologies, Santa 
Clara CA) were used to check the quality of RNA and libraries during processing, with QubitⓇ 
(ThermoFisher Scientific, Waltham MA) used to determine quantity. These samples were run on 
1/8th of a NextSeq (Illumina, San Diego CA) lane, with initial shallow runs conducted on 1/11th of 
a HiSeq (Illumina) and MiSeq (Illumina) lanes. Files originating from the same metatranscriptome 
libraries were concatenated. 
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SeqPrep (John, https://github.com/jstjohn/SeqPrep) was used to remove sequencing adapters. PhiX 
contamination was removed by mapping the reads against the PhiX genome using BamM, and reads 
that aligned were removed. SortMeRNA v2.1 261 was used to remove non-coding RNA sequences 
(tRNA, tmRNA, 5S, 16S, 18S, 23S, 28S). To assign expression values to each gene, reads were first 
mapped in pairs to the dereplicated set of MAGs using BamM make, and filtered using BamM filter 
with cutoffs of 95% identity and 75% alignment. The count of reads mapped to each gene was 
calculated using DirSeq (https://github.com/wwood/dirseq, internally using bedtools 262) based on 
any overlap of forward reads with the open reading frame of the gene, tabulating the sense and 
antisense mappings independently. To avoid the potential for DNA contamination of the RNA 
libraries to provide a misleading interpretation of a gene being expressed, the number of reads 
mapping in the sense direction were compared to the number mapping in the antisense direction 
using a one-sided binomial test. Genes with a significantly more reads mapping in the sense 
direction (p<0.05) were classified as ‘expressed’. For each significantly expressed gene, the number 
of antisense reads was subtracted from the number of sense reads to correct for metagenome 
contamination. These normalised expression estimates were used to calculate the TPM score 263, 
using only protein coding genes (CDS regions defined in the Prokka annotated GFF files) in each 
sample.  
Pathway expression was calculated as the average expression of the steps within a pathway. If a 
pathway step included an enzyme complex, the average expression of each subunit was used as the 
expression value of that step. If a reaction could be catalyzed by more than one enzyme, or if 
multiple copies of an enzyme were encoded by a genome, then their summed expression was used 
as the expression value of that step. 
Metaproteomics 
Protein extraction, purification, and digestion 
Metaproteome analysis was conducted on 22 samples from 2012, collected from the same cores and 
depths as material used for metagenomes and metatranscriptomes. Three metaproteomes were 
created by pooling replicate cores (3x3 replicates). Sample nomenclature denotes year and month, 
followed by habitat (P = palsa, S = bog, E = fen), core number (123 indicates replicate cores 1, 2 
and 3 were pooled) and depth (surface = S, mid = M, deep = D, extra deep = X). The 16 resulting 
metaproteomes were as follows: four palsa (20120600_P123M, 20120700_P3M, 20120700_P3D, 
20120800_P2M) six bog (20120600_S123M, 20120600_S123D, 20120700_S2M, 20120700_S1D, 
20120800_S1M, 20120800_S1X), and six fen samples (20120700_E3M, 20120700_E3D, 
20120700_E2X, 20120800_E2M, 20120800_E2D, 20120800_E3D)(Supplementary Data File 1). 
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Proteins were extracted and digested using substantial modifications of methods developed 
previously for our site31, since as a peatland it is high in humics; modifications have further 
improved extract quality (data not shown). Briefly, samples were thawed and 35 g of peat per 
sample was split equally into two 50 ml tubes, and sodium dodecyl sulfate (SDS)-resuspension 
buffer was added to a final volume of 30 ml. SDS-resuspension buffer (pH 8) was freshly prepared 
as: (1) an SDS buffer of 50 mM dithiothreitol (DTT) in 10 ml of 4% SDS, (2) a separate 
resuspension buffer of 50 mM trisaminomethane (Tris) Buffer (2.21 g Trizma-HCl and 4.36 g 
Trizma Base (Millipore Sigma, St. Louis, MO, USA)), 150 mM NaCl, 1 mM 
ethylenediaminetetraacetic acid (EDTA), and HPLC-grade water up to 1 L, (3) the 10 ml SDS 
buffer (warmed at 60 °C for 2 min) was mixed with 40 ml of resuspension buffer, and the final pH 
was adjusted to 8. Samples were vortexed for 10 min using a tabletop vortexer with adapters for 50 
ml conical tubes, and then 10 g of 0.1 mM glass beads (Qiagen, Hilden, Germany) were added, 
followed by 30 min of vortexing. Samples were centrifuged at 3,000 x g for 20 min, then the 
supernatant was transferred to a new tube and centrifuged at 4,800 g for 20 min. The supernatant 
was transferred to a new tube, to which 100% trichloroacetic acid (TCA) was added to a final 
concentration of 30%. Samples were shaken and then stored at 4 °C overnight. 
Samples were centrifuged at 4,800 x g for 1 hr 30 min at 4 °C, and then supernatant was decanted 
and pellets from the same sample were combined. The following steps were repeated three times: 
pellets were washed with 1 ml cold acetone, placed on ice for 5 min, vortexed briefly, centrifuged at 
24,000 x g for 25 min at 4 °C, and then supernatant was removed. Pellets were dried under N2 gas, 
and then 1-1.5 ml of denaturing buffer was added. Denaturing buffer was prepared as follows: (1) a 
digestion buffer was prepared with 4.88 g of Trizma-HCl, 2.30 g of Trizma Base, and 1.11 g of 
CaCl2 brought to a 1L volume with HPLC-grade water, (2) Guanidine-HCl was added to digestion 
buffer to a final concentration of 6M in a 50-ml tube. Samples were incubated at 60 °C for one 
hour, vortexing for 5 seconds every 10 min, then transferred to a new tube, to which digestion 
buffer was added to a final volume of 15 ml. Proteins were digested by adding 20 μg trypsin (NEB) 
and incubating on a nutating mixer at 37 °C overnight. 
A further 10 μg of trypsin was added to each sample, followed by incubation on a nutating mixer at 
37 °C for 4 hr. DTT was added (approximately ¼ sunflower seed in volume), then samples were 
returned to the 37 °C nutating mixer for 45 min and then centrifuged at 3,000 rpm for 5 min at 20 
°C. The supernatant was transferred to a new tube. Similar to previously reported peptide 
purification protocols 264, Sep-Pak Plus C18 cartridges (Waters Corporation, Milford, MA, USA) 
were conditioned with 10 ml of acetonitrile + 0.1 % formic acid, then washed with 10 ml of 0.1% 
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formic acid (in water), then the samples were added and the flow-through was refiltered through the 
cartridges three additional times, followed by a wash with 10 ml of 0.1% formic acid (in water). 
Peptides were eluted with 5 ml of acetonitrile + 0.1 % formic acid, then added to 0.45 μm Ultrafree-
MC filter tubes according to the manufacturer’s protocol (Millipore Sigma). 
Peptide fractionation and mass spectroscopy 
A bicinchoninic acid assay (Thermo Scientific, Rockford, IL) was performed to determine the 
peptide mass in each sample. The samples were then diluted with 10 mM ammonium formate, pH 
10 (‘buffer A’) to a volume of 930 µl, centrifuged at 10k x g for 2-5 minutes to remove any 
precipitates, and transferred to snap-cap ALS vials. The diluted samples (pH 10) were resolved on a 
XBridge C18, 250x4.6 mm, 5 μM with 4.6x20 mm guard column (Waters, Milford, MA). 
Separations were performed at 0.5 ml/min using an Agilent 1100 series HPLC system (Agilent 
Technologies, Santa Clara, CA) with mobile phases (A) buffer A and (B) buffer A/acetonitrile 
(10:90). The gradient was adjusted from 100% A to 95% A over the first 10 min, 95% A to 65% A 
over minutes 10 to 70, 65% A to 30% A over minutes 70 to 85, maintained at 30% A over minutes 
85 to 95, re-equilibrated with 100% A over minutes 95 to 105, and held at 100% A until minute 
120. Fractions were collected every 1.25 minutes (96 fractions over the entire gradient) and every 
12th fraction were pooled for a total of 12 fractions per sample. All fractions were dried under 
vacuum and 20 µL of nanopure water was added to each fraction for storage at -20°C until LC-
MS/MS analysis.  
Fractions were analyzed by reversed-phase LC-MS/MS using a Waters nanoAquityTM UPLC 
system (Millford, MA) coupled with a Q-Exactive Plus hybrid quadrupole/Orbitrap mass 
spectrometer from Thermo Fisher Scientific (San Jose, CA). The analytical column was packed in-
house by slurry packing 3-µm Jupiter C18 stationary phase (Phenomenex, Torrence, CA) into a 70-
cm long, 360 µm OD x 75 µm ID fused silica capillary tubing (Polymicro Technologies Inc., 
Phoenix, AZ). Mobile phases consisted of 0.1% formic acid in water (MP-A) and 0.1% formic acid 
in acetonitrile (MP-B). Samples were adjusted to a concentration of ~ 0.1 µg/µL and 5 µL injections 
were directly loaded onto the analytical column at a flow rate of 300 nL/min and 1% MP-B. The 
full loading, gradient elution, and column regeneration profile was as follows (min:%MP-B); 0:1, 
30:1, 32:8, 50:12, 105:30, 110:45, 120:90, 125:90, 130:1, 170:1. Data acquisition (100 min) was 
started at the end of the sample loading period (30 min). The analytical column was coupled to the 
Q-Exactive using a home-built nanospray adapter interface with 2.2 kV applied to achieve 
electrospray ionization. The MS inlet was maintained at a temperature of 300oC. A precursor scan 
was performed from m/z 300 to 1800 at a resolution of 30k and an automatic gain control (AGC) of 
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3e6. Operated in data dependent mode, the top 12 most intense ions from the precursor scan were 
selected for high energy collision dissociation (HCD) MS/MS at a resolution of 17.5k, AGC of 1e5, 
isolation window of 2 m/z, and a max ion time of 100 ms. Only ions identified as having a +2 
charge or higher were subjected to HCD and subsequently excluded from further analysis for 30 sec 
thereby allowing for deeper coverage. In total, 192 mass spectra (MS) files were generated (12 
fractions for each of the 16 samples).  
Database search and expression analysis 
A sensitive and universal database search tool, MSGFPlus 265, was used to conduct the 
metaproteome searches in this study. Prior to searching the metaproteomes, the mass spectrometer 
RAW output files were converted to the mzML format using msConvert of ProteoWizard 266, 
accepting the default parameters. The mzML files were then searched against a targeted protein 
database containing protein sequences predicted from the metagenome-assembled genomes across 
the permafrost thaw gradient and involved in metabolic pathways examined in the manuscript, as 
well as the entire CDS regions of Ca. ‘Acidiflorens’, Ca. ‘Methanoflorens’ and AD3 
(Supplementary Data File 20). Proteins in the targeted database were dereplicated at 100% amino 
acid identity using usearch (--fastx_uniques) 267 after converting all isoleucine residues to leucine 
(due to identical masses). In order to calculate the false discovery rate (FDR), a parallel search of a 
decoy protein database was conducted by using the (-tda 1) parameter of MSGFPlus during the 
indexing and searching steps of the targeted database. After conducting the searches, the FDR was 
calculated as: FDR(t) = #DecoyPSMs at (t) / #TargetPSMs at (t), where (t) is the highest Q-value 
that gives a FDR of ≤ 1%, and #DecoyPSMs and #TargetPSMs are the numbers of Decoy and 
Target Peptide-Spectrum Matches (PSM), respectively, at that Q-value threshold. Only PSMs with 
Q-values of ≤ (t = 0.0145) were considered in the results of this study. The maximum precursor 
mass tolerance allowed during the searches was specified by the (-t 20 ppm) parameter for parent 
mass tolerance and the (-ti "-1,2") parameter for isotope error range. Trypsin was specified as the 
digestion method (-e 1) and only full tryptic digestion was allowed (-ntt 2). Minimum and 
maximum peptide lengths to consider were 6 and 50, respectively. Minimum and maximum 
precursor charges to consider were 2 and 5, respectively. For each spectral scan, only the PSMs 
with the highest MSGF score (-n 1) were considered for subsequent analyses. 
The detection of a unique peptide in at least one sample was considered evidence of expression of a 
specific enzyme. A specific pathway was designated as expressed when at least one enzyme from a 
pathway was detected in the metaproteome. Further, that enzyme had to be encoded in a genome 
where >50% of genomes in the 97% ANI genome cluster encoded all steps of that pathway. Only a 
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very small number of proteins (<1%) were detected where the sequence of that protein was 100% 
identical to a protein from a different ANI genome cluster. 
Statistical analyses 
Analysis of variance (ANOVA) tests, Mann-Whitney U tests, and least squares regressions were 
calculated using R 249. Boxplots were created using ggplot2 268, with the boxes representing the 1st 
to 3rd quartiles and the whiskers the highest (upper whiskers) or lowest (lower whiskers) 
observation within 1.5x the interquartile range. Figure 3 sample numbers were as follows: palsa 
surface n = 18, palsa mid n= 18, palsa deep n = 17, bog surface n = 19, bog mid n = 20, bog deep n 
= 20, bog extra deep n = 6, fen surface n = 23, fen mid n = 18, fen deep n = 23, fen extra deep n = 6. 
Figure 4 sample numbers were as follows: panel a, n = 47, panel b, n = 65, panel c, n = 70.  
To test for associations between microbial populations and geochemical variables, the abundance of 
genus- to family- level lineages was calculated using phylogenetic tree insertion of open reading 
frames derived from individual reads into single-copy ribosomal protein marker trees using GraftM 
(http://geronimp.github.io/graftM/) and phylogenetic trees derived from both contigs assembled 
from data presented here and reference datasets (data not shown). To avoid statistical complications 
arising from multiple hypothesis testing, only the ten most abundant lineages in the bog and fen 
were tested for significance using least squares regression. Lineages correlating significantly were 
then linked to MAGs for correlations between individual MAGs and geochemical variables as well 
as between Ca. ‘Acidiflorens’ sub-lineages. 
Code availability  
The above methods indicate the source of the code and programs used for analyses within the 
relevant sections.  
Figure generation 
Manuscript figures were generated using custom R 249 scripts, ggplot2 268, spacemacs 
(http://spacemacs.org/), Rstudio 269, arb 247, d3js (https://d3js.org/), Inkscape (https://inkscape.org/) 
and Adobe Illustrator (http://www.adobe.com/au/products/illustrator.html). 
Data Availability 
Data described in this manuscript are submitted under NCBI BioProject accession number 
PRJNA386568. 
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Abstract 
The fate of carbon sequestered in permafrost is a key concern for future global warming as this 
large carbon stock is rapidly becoming a net methane source due to widespread thaw. Methane 
release from permafrost is moderated by methanotrophs, which oxidise 20-60% of this methane 
before emission to the atmosphere. Despite the importance of methanotrophs to carbon cycling, 
these microorganisms are under-characterised and have not been studied across a natural permafrost 
thaw gradient. Here, we examine methanotroph communities from the active layer of a permafrost 
thaw gradient in Stordalen Mire (Abisko, Sweden) spanning three years, analysing 188 
metagenomes and 24 metatranscriptomes paired with in situ biogeochemical data. Methanotroph 
community composition and activity varied significantly as thaw progressed from intact permafrost 
palsa, to partially-thawed bog and fully-thawed fen. Thirteen methanotroph population genomes 
were recovered, including two novel genomes belonging to the uncultivated upland soil cluster 
alpha (USCα) group and a novel potentially methanotrophic Hyphomicrobiaceae. Combined 
analysis of porewater δ13C-CH4 isotopes and methanotroph abundances showed methane oxidation 
was greatest below the oxic-anoxic interface in the bog. These results detail the direct effect of thaw 
on autochthonous methanotroph communities, and their consequent changes in population structure, 
activity, and methane moderation potential. 
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Introduction 
Permafrost, perennially frozen ground ranging in age from two to over 700,000 years old 270, is a 
significant carbon reservoir, storing 1330-1580Pg or nearly half the world’s soil carbon 2,5. 
However, rising global temperature is leading to rapid permafrost thaw and release of greenhouse 
gases (GHGs), resulting in a positive feedback to warming 2. Current thaw projections under the 
IPCC’s representative concentration pathway 8.5 predict that between 30-99% of near surface 
(<3.5m) permafrost will disappear by 2100 23. Within this century, 37-174 Pg of carbon is projected 
to be released to the atmosphere as carbon dioxide (CO2) and the more potent greenhouse gas 
methane (CH4), due to the microbial degradation of newly thawed soil 2.  
Methane flux in thawing permafrost is controlled by microbial methane producers (methanogens) 
and consumers (methanotrophs), but the environmental factors controlling the distribution of these 
microorganisms are poorly understood. The next key step towards improving methane emissions 
models is the incorporation of microbial community data 24,25,271, which is currently limited by 
knowledge of the population structure and activity of these communities in the changing natural 
environment. Aerobic and anaerobic methanotrophs can prevent a large proportion of methane from 
reaching the atmosphere, with oxidation estimates of 20-60% recorded in permafrost-associated 
environments 272,273. In these systems, aerobic methanotrophs are typically responsible for 
ameliorating methane release 111, as anaerobic methanotroph abundances are generally below 
detection levels and are observed to have very low rates of methane oxidation 274.  
Aerobic methanotrophs oxidise methane to methanol using the particulate (pMMO) and/or soluble 
(sMMO) methane monooxygenase enzymes 84, and are currently restricted to four major lineages, 
including well-studied members of the Gamma- and Alphaproteobacteria, the intra-aerobic 
Candidatus Methanomirabilis oxyfera within the NC10 phylum 105, and the verrucomicrobial 
genera Methylacidiphilum 86,87 and Methylacidimicrobium 275. Gammaproteobacterial 
methanotrophs are organised into 18 characterised genera within the families Methylococcaceae 
and Methylothermaceae 92,276,277, whereas alphaproteobacterial methanotrophs are less diverse 
comprising five genera within the Methylocystaceae and Beijerinckiaceae 92,178. The environmental 
distribution of aerobic methanotrophs is typically examined using the pmoA gene, which encodes 
subunit A of pMMO. However, Methyloferula and Methylocella within the Beijerinckiaceae lack 
pMMO, so mmoX, encoding subunit A of the sMMO, must be used as a complementary marker 
gene 176. Environmental surveys of pmoA and mmoX sequences have revealed a large diversity of 
potential methanotrophs outside the cultivated lineages 92. This novel diversity includes the 
alphaproteobacterial pmoA group, upland soil cluster alpha (USCα), which is found predominantly 
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in aerobic soils 92, and has recently been identified in permafrost-associated systems 10,42. Members 
of this group have a high affinity for methane and are capable of oxidising methane from the 
atmosphere 108,278,279. Atmospheric methane oxidisers are responsible for the uptake of ~30Tg of 
methane (~5% of the total sink) per year, and are the only known biological sink 280-282. 
Our understanding of permafrost methanotrophs has focused on intact permafrost where activity is 
low 16,42,109,111, or artificially thawed incubations 42,75,283, with no naturally thawing gradient sites 
studied to date. Here, the methanotroph communities at Stordalen Mire are examined through 
metagenomics, metatranscriptomics and paired biogeochemical data, across an environmental thaw 
gradient, peat depths (surface, mid, deep; spanning the top ~50cm), and time (September 2010 – 
August 2012). Characterising the presence, genomic potential and activity of methanotrophs across 
the Stordalen Mire thaw gradient is a significant step towards elucidating the wider role of 
methanotrophs in the changing Arctic and subarctic environments, and their impact on the global 
carbon cycle.  
Materials and methods  
Study site and sample preparation 
Sampling of the thaw chronosequence at Stordalen Mire (68°21’N, 19°03’E, 359m a.s.l.), porewater 
and methane flux measurements, and nucleotide extractions and sequencing of DNA were 
conducted as previously described 28,31,206,284. Metatranscriptome sequencing was performed for 
select 2010, 2011 and 2012 samples using 240ng of RNA in the ScriptSeq Complete (Bacteria) 
low-input library preparation kit (Epicentre). These samples were run on 1/8th of an Illumina 
NextSeq lane, with initial shallow runs conducted on 1/11th of a HiSeq (Illumina) and MiSeq 
(Illumina) lane (see Supplementary Information for details).  
Genome assembly and binning 
All methanotroph population bins were within the set of 1529 bins recovered in Woodcroft et al. 
(2018, submitted), except MB1 (see Supplementary Information for details). Population genome 
MB1 was derived from a co-assembly of 78 palsa samples. Assembly of these samples was 
conducted using CLC bio’s de novo assembler (QIAGEN, CA), mapping was conducted using 
BamM (v1.3.8-1.50), and differential coverage binning was conducted using MetaBAT 46 
v3127e20aa4e7 using a 3000bp contig cut-off. CheckM 241 v1.0.4 determined completeness and 
contamination of the population genome bins through the identification and quantification of 
lineage-specific single copy marker genes following the lineage workflow (lineage_wf).  
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Genome bins were placed in a reference genome tree containing genomes from NCBI (database 
2015-11-27) for taxonomic classification and evolutionary analysis using an in-house pipeline, 
GTDB v0.0.3 (Chaumeil & Parks, unpublished, https://github.com/Ecogenomics/GTDBNCBI) 
(Supplementary Information). ARB 285 v6.0.6 was used to visualise the tree, and ITOL 248 was used 
to refine, with additional cosmetic amendments made in Inkscape (http://inkscape.org). The 
reported genome relative abundance is the abundance of each lineage within the total community 
(Supplementary Information).  
Methane monooxygenase phylogenetic analysis and data searching 
The gene-centric methanotroph analysis using pmoCAB genes and mmoX genes was conducted 
using Mingle v0.0.10 for tree creation (Parks et al., unpublished, 
https://github.com/Ecogenomics/mingle) and GraftM v0.8.1 for data searches (Boyd et al., 
unpublished, https://github.com/geronimp/graftM) (Supplementary Information). The methane 
monooxygenase protein sequences and manually annotated trees were used as input for the function 
‘graftM create’, producing GraftM packages by creating hidden Markov models (HMMs) from an 
alignment of the sequences. GraftM ‘graft’ used this annotated tree for classification of gene 
sequences based on translated query read placement. The protein trees were made for phylogenetic 
analysis using Mingle and incorporated the identified Stordalen proteins, a selection of sequences 
greater than 160aa that were translated from gene sequences compiled in Knief (2015) , along with 
the contigs for novel groups from Lau et al. (2015), Ricke et al. (2005) and He et al. (2015) when 
applicable (Supplementary Tables 12, 13, 14 and 15). Additional protein trees for MxaF/XoxF, 
RuBisCO (CbbL/RbcL) and NifH were created as above using Mingle, NCBI sequences and the 
IMG release 4.1 database (Supplementary Tables 16, 17 and 18). GraftM gene packages for pmoA 
and mmoX were run on the raw metagenomes and metatranscriptomes and the results were 
normalised by total library size and HMM length. GraftM ‘graft’ was run on the NCBI nr database 
(downloaded in February 2016), and 24,636 SRA files (including amplicon and metagenome files, 
downloaded March 2017) in order to determine the geographic distribution of the 
Hyphomicrobiaceae pmoA genes. Where possible, GNU parallel 240 was used to speed data 
processing. 
Metatranscriptomic read processing 
Metatranscriptomes were processed using part of the TranscriptM (Frouin et al., unpublished, 
https://github.com/elfrouin/transcriptM) pipeline, using Trimmomatic 287 and SortMeRNA 288 for in 
silico data cleaning (Supplementary Information). Dirseq v0.0.2 (Woodcroft et al., unpublished, 
https://github.com/wwood/dirseq) (parameter --ignore-directions) determined the average transcript 
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coverage of the methanotroph genes. Metatranscriptome expression per genome for each sample 
was calculated using ‘BamM parse -m counts’ (Supplementary Information). 
Biogeochemical analysis  
The pmoA and mmoX gene abundances from the metagenome data were averaged across sampling 
dates into five or 10 cm depth categories and compared to biogeochemical data from the porewater 
collected on site at the time of sampling, except for the palsa site, which lacked porewater. 
Measurements included dissolved methane (mM), and methane isotope data (δ13C-CH4), following 
a previously described procedure 28,206. The percent time that each depth category spends below the 
water table was calculated from manual water table measurements made 3-5 times per week during 
the sampling season. Sulphate concentrations were measured at Florida State University 
(Tallahassee, FL, USA) by ion chromatography on a Dionex ICS-1100 fitted with a 4-mm IonPac 
AS22 column, with an eluent of 4.5 mM carbonate/1.4 mM bicarbonate and flow rate of 1.2 
mL/min (Supplementary Table 5). Methanotroph abundance to water table depth correlations, 
statistical differences in sulphur concentrations and methanotroph community composition between 
sites were conducted using ANOVA and paired t-tests in R 249. 
Methanotroph population metabolism reconstruction and average amino acid identity 
Metabolic reconstructions were facilitated using PROKKA 250 annotations, and submission through 
the IMG ER genome annotation pipeline 289. In house pipelines were used to blast the coding 
regions of each genome to the Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthology 
database 290, and key methanotrophy and other metabolic genes were highlighted for incorporation 
into the metabolic models. BLASTP 291 was used to validate annotation of the gene sequences 
detected by GraftM. Hydrogenases were found and annotated using HydDB 292. Metabolic models 
were created in Inkscape (http://inkscape.org). Average amino acid identity (AAI) facilitated 
evolutionary distance comparisons with the closest cultured isolates, or between Stordalen 
genomes. AAI was determined using the CompareM (Parks et al., unpublished, 
https://github.com/dparks1134/CompareM) v0.0.17 ‘aai_wf’ on the genome bins, and genomes 
from IMG. Average nucleotide identity (ANI) was determined using calculate_ani.py (Pritchard, 
unpublished, https://github.com/widdowquinn/scripts). 
Results and discussion 
Identification and distribution of canonical and novel methanotrophs across the thaw gradient  
To investigate methanotroph diversity and the succession of the community as thaw progresses 
from palsa, to bog and fen, 188 raw metagenomes were searched for pMMO (pmoA gene) and 
sMMO (mmoX gene) reads using GraftM (Boyd et al., unpublished, 
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https://github.com/geronimp/graftM). GraftM classified the reads into taxonomic groups following 
placement in a curated pmoA or mmoX gene tree (Figure 1). The bog had the highest abundance of 
methanotrophs and was dominated by the well-characterised Methylocystaceae. Several species of 
the Methylocystaceae have been isolated from soil and bog environments exhibiting low pH and 
nitrogen, low nutrients, or variable methane levels where the ability to oxidise atmospheric methane 
using a high affinity isozyme of the pMMO (pMMO2) is advantageous 167,293. In the minerotrophic 
and pH neutral fen, members of the Methylococcaceae comprised the largest fraction of the low 
abundance but taxonomically diverse methanotroph community. Methylocystaceae and 
Methylococcaceae methanotrophs occasionally possess pMMO, with the canonical operon structure 
of pmoCAB, in addition to a divergent monooxygenase of undetermined function, pXMO, encoded 
by a reordered pxmABC operon 93. The pxmA gene was detected in the palsa, fen and bog, indicating 
the presence of multiple methanotrophic lineages encoding the divergent pXMO. Beijerinckiaceae 
possessing mmoX appeared in low abundance in both fen and bog (Figure 1).  
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Figure 1: Methanotroph diversity across the Stordalen Mire thaw gradient. a, Heatmap of the 
relative abundance of methanotrophs as a proportion of the total metagenome based on the 
particulate methane monooxygenase (pMMO; left) and the soluble methane monooxygenase 
(sMMO; right). Abundances are indicated by the coloured scale (from white, to blue, to red). The 
trees used by GraftM to classify the reads are shown for pmoA (b) and mmoX (c). The colour of the 
clades indicates the environment where these clades are most often found (green = bog, blue = fen). 
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Asterisks indicate significantly different abundances based on one-way ANOVA tests and 
Bonferroni corrected pairwise t-tests (p-value < 0.05; see Supplementary Table 6).  
Of the uncharacterised methanotroph clades, USCα had greatest abundance in the bog and was the 
predominant methanotroph in the palsa. Minimal methane is produced in the oxic palsa 
environment 28, so methane is likely taken up from the atmosphere. Reads from two additional 
novel groups, ‘novel pmo’ (pmoA) and ‘novel smo’ (mmoX), were found only in the fen (Figure 1). 
The ‘novel pmo’ reads clustered alongside a collection of sequences recently recovered from a 
Sacramento-San Joaquin Delta wetland metagenome 286. The ‘novel smo’ group has not previously 
been recognised.  
Interestingly, methanotrophs were often present below the water table in the deep (bog: >5cm 
below water table, fen: >10cm below peat surface) and extra deep (>30cm below peat surface) 
metagenomes (Figure 1), suggesting adaptations to cope with low oxygen conditions. The palsa 
remains mainly oxic to the depths sampled, whereas the bog includes an oxic surface and then 
likely becomes primarily anoxic below the water table (maximum depth 20cm) 110. Although the 
fen water table is above the peat surface, sedge roots are known to transport oxygen, which likely 
supports methanotrophs near live roots 193,294. 
Recovery of methanotroph population genomes 
To recover the genomes of canonical and novel methanotrophs, assemblies of the 214 Stordalen 
Mire metagenomes (188 active layer, and 26 palsa core series) were binned into population 
genomes using differential coverage binning (Woodcroft et al. 2018, submitted.). This led to the 
recovery of 1,529 medium to high-quality population genomes (>70% completeness, and <10% 
contamination; Woodcroft et al. 2018, submitted.). Of these genomes, 12 were found to encode 
pMMO and/or sMMO. An additional genome was recovered from a co-assembly of the palsa 
samples (n = 78). Phylogenetic analysis of the genomes using a genome tree created from the 
concatenated alignment of 120 single copy marker genes classified all 13 as proteobacterial. Three 
of these genomes belonged to the Methylococcaceae (Methylobacter-like MB1-2; Methyloglobulus-
like MG1), seven to the Methylocystaceae (Methylocystis-like MC), two to the USCα (USC1 and 
USC2) and surprisingly one to the Hyphomicrobiaceae (HYP1) (Figure 2). Six of the 
Methylocystaceae genomes were recovered in the mid or deep core layers of different bog samples. 
These genomes had average nucleotide identities (ANI) of >99% indicating that they represent the 
same Methylocystis-like population and will be referred to as MC1 accordingly (Supplementary 
Figure 1). One Methylocystis-like genome (MC2) was recovered from a palsa sample, and 
represented a distinct population at 94% ANI to MC1. 
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Figure 2: Genome tree of the methanotroph population genomes recovered from Stordalen Mire. 
Solid circles represent bootstrap support of over 70%. Heatmap bars indicate average relative 
abundance per environment (P = palsa (brown), B = bog (green), F = fen (blue)) as a percentage of 
the total metagenome library (see Supplementary Information). Raw values and standard deviation 
are presented in Supplementary Table 8. The highest abundances are observed for MC1 (1.85% in a 
deep bog sample) and USC1 (1.6% in a mid-depth bog sample). 
USC1 and USC2 are the first genomic representatives of the USCα lineage 108, as former 
representation of this group was restricted to partial pmoA sequences and a collection of short 
(<43kb) genome fragments 42,279. The previous hypothesis that these microorganisms fall within the 
Beijerinckiaceae was confirmed by placement of USC1 and USC2 in a genome tree 279 (Figure 2). 
Average amino acid identity (AAI) of USC1 and USC2 was 72% to their closest isolated taxonomic 
neighbours, the Methylocapsa spp. 279 (Supplementary Table 1), making it likely these populations 
belong to a novel species or potentially novel genus within the Beijerinckiaceae 295. The USCα 
PmoCAB proteins derived from the genomes (USC1 and USC2), and additional sequences from 
unbinned contigs, clustered with both partial and full length translated USCα pmoA, pmoB and 
pmoC gene sequences recovered from the active layer of mineral cryosols in the Canadian high 
Arctic 42 and an acidic forest soil 279 (Figure 3; Supplementary Figure 2).  
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Figure 3: Phylogenetic tree of PmoA proteins recovered from Stordalen Mire. This tree is 
constructed from isolate-derived protein sequences (colour strip = black), Stordalen sequences 
(colour strip: palsa = brown; bog = green; fen = blue), and translated environmental sequences 
compiled by Knief (2015) (colour strip = grey), with additional sequences from He et al. (2015), 
Ricke et al. (2005) and Lau et al. (2015) (colour strip = grey). The asterisks indicate sequences that 
are within population genomes.    
An additional potential methanotroph genome (HYP1; 88.81% completeness, 2.06% contamination) 
was recovered from a fen sample, and was distinct from all canonical methanotroph families. 
Phylogenetic analysis revealed Rhodomicrobium spp. within the Hyphomicrobiaceae as the closest 
isolated taxonomic neighbours with an AAI of 67.5% (to both R. vannielii and R. udaipurense), 
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indicating likely taxonomic distinction at the genus level (Figure 2; Supplementary Table 1) 295. 
Interestingly, HYP1 encodes novel methanotrophy operons for both pMMO and sMMO. 
Contamination from poor binning was discounted as these genes were also found in an additional 
medium-quality Hyphomicrobiaceae genome (HYP2; 60.53% completeness, 5.54% contamination) 
recovered from a deep fen sample with 80% AAI to HYP1 (Supplementary Figure 3 & 4). Protein 
trees showed that HYP1 PmoA and PmoB sequences, and several additional PmoAB sequences 
from partial genomes and unbinned contigs, clustered closely with the wetland ‘novel pmo’ clade 
that appears basal to the Methylocystaceae and Beijerinckiaceae (Figure 3; Supplementary Figure 
2a). Full-length PmoC sequences of this ‘novel pmo’ group have not been recovered until now, and 
were found to be similarly basal to the Methylocystaceae and Beijerinckiaceae PmoC protein 
sequences (Supplementary Figure 2b). The MmoX from HYP1 and additional unbinned MmoX 
sequences clustered within the ‘novel smo’ group that formed a monophyletic clade with the 
Beijerinckiaceae (Supplementary Figure 5 & 6). Recovery of methanotrophy markers in HYP1 
suggests that the Hyphomicrobiaceae should be added to the recognised alphaproteobacterial 
methanotrophic families which were previously limited to the Beijerinckiaceae and 
Methylocystaceae. To investigate other possible habitats of HYP1, publicly available SRA 
(Sequence Read Archive) datasets (24,636 sequence files) and the NCBI nr database were searched 
for pmoA sequences falling within the HYP1 clade. Only one sequence from NCBI nr was 
identified as belonging to HYP1, namely from a Finnish peat soil (NCBI accession: CAC84777). 
However, HYP1 was detected (at >1 read hits) in 34 SRA metagenomes from a variety of habitats, 
including Sacramento-San Joaquin Delta wetland, New York City MTA subway, peat, bog and sand 
metagenomes (Supplementary Table 2), suggesting that HYP1 is a rare but widely distributed 
group. 
Metabolic characterisation of Stordalen Mire methanotrophs  
Metabolic reconstruction of the Stordalen Mire methanotroph genomes revealed diverse functional 
potential. Methane oxidation pathways, carbon assimilation, dissimilation and other potentially 
habitat-specific metabolisms were examined in the gammaproteobacterial Methylobacter-like (MB) 
populations MB1, MB2 and Methyloglobulus-like (MG) population MG1 recovered from the fen 
samples. MB1 and MB2 encode pMMO (pmoCAB), however MB2 also has sMMO 
(mmoXYZBCD). MG1 has only pxmA and B that appear consecutively at the end of a contig, 
indicating that pxmC and the pmoCAB operon are likely in the unrecovered portion (21%) of the 
genome. MG1 also encodes a hydroxylamine dehydrogenase (HAO) allowing for the conversion of 
hydroxylamine to nitrite, which is likely a toxicity response measure for this population 296. 
Methane monooxygenases can co-oxidise ammonia to hydroxylamine, an intermediate toxic to cells 
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unless further processed by an enzyme such as HAO 297. MB1, MB2 and MG1 all possess the 
ribulose monophosphate (RuMP) pathway for carbon assimilation, the tetrahydromethanopterin 
(H4MPT) carbon dissimilation pathway for the oxidation of formaldehyde to formate, and nitrogen 
fixation genes (nifHDK). MB1 also has dissimilatory nitrate reduction, which has been identified in 
the gammaproteobacterial methanotrophs Methylomicrobium, Methylomonas and Methylobacter 
tundripaludum 298. This ability appears to be widespread within the Methylococcaceae, and has 
been linked to survival in low oxygen conditions where nitrate or nitrite can be used instead of 
oxygen as terminal electron acceptors in order to direct all available oxygen to methane oxidation 
298.  Metabolic reconstruction of MB1-2 and MG and the observed distribution of 
Methylococcaceae in the metagenomes suggest that these microorganisms can function in the 
microaerobic environment of the deeper permafrost thaw layers (Figure 1).  
The alphaproteobacterial Stordalen methanotrophs had larger genomes than their 
gammaproteobacterial counterparts, and had an expanded metabolic diversity indicative of a 
facultative, rather than obligate, methanotrophic lifestyle (Supplementary Table 4). Metabolic 
analyses were conducted on the most complete representatives of the alphaproteobacterial lineages, 
USC1, HYP1 and MC1 (Figure 4). Similar to USC1 and HYP1, MC1 encodes pMMO genes 
(pmoCAB) but further possesses a pMMO2 (pmoCAB2) variant that is associated with high affinity 
methane oxidation 167. MC1 also encodes the pXMO (pxmABC) homologue, as does USC1. This 
discovery adds Beijerinckiaceae to the list of pXMO-encoding methanotroph families, and explains 
the high relative abundance of pxmA genes observed in the palsa environment (Figure 1).  
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Figure 4: Metabolic reconstruction of the alphaproteobacterial population genomes MC1, HYP1 
and USC1. Colours indicate the genome or combination of genomes (Venn diagram) in which the 
cycle or enzymes are found. Abbreviations: H4F = tetrahydrofolate pathway, H4MPT  = 
tetrahydromethanopterin pathway, TCA = tricarboxylic acid cycle, EMC = ethylmalonyl-CoA 
pathway, EMP = Embden-Meyerhof-Parnas pathway (glycolysis), CBB = Calvin-Benson-Bassham 
cycle,  PHB = polyhydroxybutyrate pathway, LPS = lipopolysaccharide, CODH = carbon monoxide 
dehydrogenase, NiFe = nickel iron hydrogenase, nifHDK = nitrogenase encoding genes, pMMO = 
particulate methane monooxygenase, pMMO2 = particulate methane monooxygenase isozyme II, 
sMMO = soluble methane monooxygenase, pXMO = homologue of particulate methane 
monooxgyenase, CH3OH = methanol,  I = complex I NADH dehydrogenase, II = complex II 
succinate dehydrogenase, III = complex III cytochrome bc1, IV = cytochrome c oxidase, IV cbb3 = 
complex IV cytochrome cbb3 oxidase, cyd = complex IV cytochrome bd oxidase, FDH = formate 
dehydrogenase, EHR = energy converting hydrogenase related (part of formate hydrogenlyase 
complex), SO42- = sulphate, MoO42- = molybdate, Zn = zinc, PO43- = phosphate, CHOH = 
formaldehyde, satAB = sulfate adenylyltransferase genes, APS = adenosine 5'-phosphosulphate, 
SO32- = sulphite,  aprAB = adenylylsulphate reductase genes, dsrAB = dissimilatory sulphite 
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reductase genes, H2S = hydrogen sulphide, dsrK (representing the dsrKMJOP complex) = 
dissimilatory sulphite reductase electron transport complex gene, soxYZ/soxAX/soxB/soxCD = 
sulphur oxidising genes. See Supplementary Figure 7 for detailed gene presence/absence and 
Supplementary Table 3 for the list of additional gene abbreviations. 
Genes for the calcium-dependent methanol dehydrogenase (MDH) mxaF-encoded large subunit of 
the mxaFI-MDH complex, which catalyses the second step of methane oxidation, could not be 
identified in any of the Stordalen Mire methanotroph genomes. Instead, at least one copy of xoxF, a 
homologue of mxaF 299, was identified in each genome except MG1. This gene differentiates into 
five clades (xoxF1-5)90,299 and encodes the lanthanide-dependent xoxF-MDH complex known to 
oxidise methanol in several methanotrophs 299,300. The H4MPT carbon dissimilation and 
tetrahydrofolate (H4F) carbon assimilation pathway, which facilitates entry into the serine cycle 90, 
are present in USC1 and MC1. Alternatively, HYP1 appears to have a thiol-dependent (glutathione 
(GSH)-linked) pathway for formaldehyde oxidation to formate using glutathione synthase (gfa), S-
(hydroxymethyl)glutathione dehydrogenase (frmA) and S-formylglutathione hydrolase (frmB) genes 
90,301. This pathway is present as a detoxification and energy generation mechanism in the 
methylotroph Paracoccus denitrificans 90,302. Similar to P. denitrificans and several other 
alphaproteobacterial methylotrophs 299,303, in HYP1 these genes are located directly adjacent to a 
PQQ-dependent alcohol dehydrogenase identified as the xoxF5 type (Supplementary Figure 8; 
Supplementary Figure 9) 299. This suggests that formaldehyde is produced by the MDH-xoxF of 
HYP1 and then oxidised to formate using the thiol-dependent pathway. 
The ethylmalonyl-CoA (EMC) pathway is used to regenerate glyoxylate from acetyl-CoA for use in 
the serine cycle 304, and was present in MC1 and HYP1 but not USC1 (Figure 4). USC1, similar to 
the Beijerinckiaceae methanotrophs 178, possesses isocitrate lyase (icl), which forms part of the 
glyoxylate shunt with malate synthase and allows the formation of glyoxylate from isocitrate 304. 
The glyoxylate cycle enables the assimilation of acetate, and acetyl-CoA can be produced from 
acetate using acetate kinase (ack) and phosphotransacetylase (pta) or acetyl-CoA synthetase (acs), 
which are present in USC1. These genes, in conjunction with demonstrated acetate uptake in 
isotope studies 305, implicate USCα populations as likely facultative methanotrophs. Additionally, 
MC1 and HYP1 possess genes involved in transforming acetate to acetyl-CoA (ack, pta, acs), 
suggesting these populations are also facultative. A facultative methanotrophic lifestyle likely 
allows USCα and MC1 to survive on acetate, which can diffuse freely across the cell membrane in 
the acidic conditions of the bog, under methane limited conditions 306.  
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Although USC1, HYP1 and MC1 contain a near complete EMP pathway, the lack of glucose 
transporters suggests these populations do not use glucose as a carbon and energy source. 
Transporters are missing in known methanotrophs and growth of methanotrophs on glucose has not 
been recorded 178, indicating that this pathway is anabolic in the Stordalen Mire genomes. Poly-β-
hydroxybutyrate (PHB) is a storage compound commonly used as a carbon and energy source by 
methanotrophs under nutrient limiting conditions 307. Genes for the PHB storage pathway 
(phaABCZ, bdh, acsA) are present in all three genomes. 
HYP1 may have additional and unusual means of energy generation. A complete dissimilatory 
sulphate reduction pathway was identified, including the canonical markers of dissimilatory sulphite 
reductase subunits A and B (dsrAB) (Figure 4). These subunits have high AAI to oxidative dsr 
genes of the purple non-sulphur photolithotrophic bacteria Rhodomicrobium vannielii (83% 
WP_013418283) and R. udaipurense (86% KAI93440)308,309. Like Rhodomicrobium spp., HYP1 
possesses an incomplete sulphur oxidation system (SOX; soxAXYZD), however sulphur oxidation 
could still be possible as Rhodomicrobium spp. can use sulphide and thiosulphate 310. The potential 
for sulphur oxidation in a methanotroph was recently described in a Methylococcaceae genome 
from a deep-sea hydrothermal plume 49.  Biogeochemical measurements from the site show that the 
fen, particularly the fen surface, has significantly higher sulphate concentrations than the bog 
(Supplementary Table 5; fen surface average = 10.44µM, average fen = 6.25µM, bog = 1.83 µM; p-
value < 10-4), potentially indicating increased sulphur oxidation activity. In the fen, it may be 
possible for HYP1 to oxidise sulphur compounds that have been reduced during anaerobiosis in the 
deeper layers 311. 
In addition to sulphur, Rhodomicrobium spp. can use hydrogen as an electron donor 310.  HYP1, 
USC1 and MC1 encode numerous hydrogenases, indicating potential hydrogen use (Figure 4). 
Hydrogen uptake and production has been recorded in several verrucomicrobial 312,313, alpha- and 
gammaproteobacterial methanotrophs, and has been linked to nitrogen fixation, which produces the 
required hydrogen as a by-product 314,315. Both HYP1 and USC1 also encode coxLMS for carbon 
monoxide (CO) oxidation. The ability of these microorganisms to perform CO oxidation could 
allow CO to be used as both an energy and carbon source 316. Stable-isotope probing or successful 
culturing would be required to confirm this metabolism. However, atmospheric CO levels, or CO 
produced by the photochemical degradation of matter, are sufficient for carboxydotrophs in many 
soil environments 316. Several hydrogenotrophic 317, methanotrophic 88 and carbon monoxide 
oxidising 316 bacteria are known to use these respective pathways to generate energy for carbon 
fixation using the Calvin-Benson-Bassham (CBB) cycle. 
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Ribulose bisphosphate carboxylase (RuBisCO) is the key enzyme and genetic marker for the CBB 
cycle. HYP1 encodes RuBisCO form IV, a RuBisCO-like protein of unknown function 318, and 
form II (cbbM). Form II is known to operate under high CO2 and low O2 concentrations 318,319, 
which would suit fixation in the deeper fen layers (see Supplementary Figure 10). Of the other 
genomes, MC1 possesses only form IV, whereas USC1, similar to the characterised methanotrophic 
Beijerinckiaceae 320, encodes the catalytic form I (both cbbL and S; Supplementary Figure 11). 
HYP1, MC1 and USC1 are also predicted to be capable of nitrogen fixation, as phylogenetic 
analysis of the NifH proteins suggests they belong to the functional Type 1D clade (Supplementary 
Figure 12). Given the wide distribution of nitrogen fixation genes in the Stordalen Mire 
methanotrophs, it appears that this metabolism may be a selective advantage for methanotrophs in 
the nitrogen limited thaw environment.  
Metatranscriptomic analysis of in situ activity 
Gene presence in metagenomes reveals the metabolic potential of the community but does not 
indicate which genes are active at the time of sampling. In order to investigate the activity of 
methanotrophs in the system, expression of key genes for methane oxidation (pmoA and mmoX) 
were examined in 24 metatranscriptomes spanning different sites and depths. Despite high 
abundance in the bog metagenomes, low relative transcript expression was observed for the 
Methylocystaceae (Figure 5). Low activity of Methylocystaceae has been recorded in other 
environments 321, and is likely a consequence of harsher environmental conditions in the low pH 
and ombrotrophic bog that would favour stress-tolerance over productivity 10,322. In the fen, the 
diversity of methanotrophs was not reflected in the metatranscriptomes, which were dominated by 
Methylococcaceae even in the deeper layers (Figure 5). This unexpected prevalence of 
Methylococcaceae activity at depth has been observed in Arctic soils, which further supports 
hypotheses that these microorganisms are active under microaerophilic conditions 197,298. 
Methylococcaceae pmoA transcripts in the fen also comprised a greater proportion of the total 
metatranscriptome reads than in the bog or palsa, indicating that methanotrophs make up more of 
the active community in the fully-thawed site. This suggests that Methylococcaceae are oxidising a 
substantial amount of CH4 and/or responding to increased CH4 availability in the fen, which has the 
highest CH4 flux of all three sites 28. 
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Figure 5: Methanotroph abundance and activity in the 24 samples with paired metagenomes and 
metatranscriptomes from Stordalen Mire. For spatial orientation, distance from the water table and 
peat surface is shown in a. The metagenome abundances are indicated in b, and the transcript 
expression in c. Methanotroph pmoA and mmoX read abundances are presented as a percentage of 
total reads normalised by HMM length for both metagenomes and metatranscriptomes.  
Consistent with previous findings from isolates 304 and similar environments 10,286,321, very few 
pxmA or mmoX  transcripts were detected in the Stordalen Mire metatranscriptomes. The ‘novel 
pmo’ and ‘novel smo’ of the HYP1 group had minimal or no transcript expression for methane 
monooxygenase genes (12 ‘novel pmo’ reads detected in one surface fen sample, and 25 ‘novel 
smo’ reads in one mid fen sample). USCα had very low pmoA expression in the palsa core mid 
depth sample only (112 reads detected), which fits with low expression observed in samples of an 
Arctic cryosol environment 42. Transcript expression of the second step of methanotrophy, methanol 
oxidation to formaldehyde, was high for xoxF, with virtually no representation in the 
metatranscriptome reads of mxaF (Supplementary Figure 13). This strongly suggests that the xoxF 
form of MDH is the most important complex for methanol oxidation at Stordalen Mire, which 
supports recent findings that this form is likely dominant in lanthanide non-limiting environments 
300. Further, research into methylotroph and methanotroph co-cultures has revealed that high mxaF 
expression over xoxF can be linked to cross-feeding and syntrophy between these microorganisms 
323. The dominance of xoxF-MDH expression at Stordalen suggests that lanthanide is non-limiting 
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in this environment, and potentially that methanol is not being secreted for use by syntrophic 
partners.  
Mapping metatranscriptomes to the population genomes enabled transcription analysis of entire 
metabolic pathways for specific lineages, and revealed the functionality of methanotrophs beyond 
the expression of marker genes for primary methane oxidation. The highest relative transcript 
expression was 0.27% for the MC1 population genome in a bog mid-depth sample, and 0.24% for 
MC2 in a palsa deep (calculated as proportion of total transcript reads in the metatranscriptome; 
Supplementary Table 7). MC1 and MC2 had high transcript expression for a variety of genes in the 
bog, and some expression in the fen and one palsa sample, confirming active carbon assimilation 
(Supplementary Figure 14). Activity through transcript expression was also observed for MB1 and 
MB2 in the fen, which had high transcript coverage of pmoCAB genes and downstream methane 
processing genes (Supplementary Figure 14). xoxF was consistently expressed in MC1-2 and MB1-
2, indicating use of the xoxF-MDH for methanol oxidation in these populations. Surprisingly, MC1-
2 and MB1-2 appeared to be actively fixing nitrogen through high expression of nifH, reaffirming 
the importance of this function in environments with low nitrogen availability 10.  The novel 
metabolic inferences could not be confirmed for MG1, HYP1 and USC1 due to limited transcript 
expression across all metatranscriptome samples. It is likely that these populations were inactive, or 
below detection, at the time of sampling.  
Relationship between methanotrophs and biogeochemistry 
Previous work at the site revealed that average CH4 flux increases as thaw progresses, from minimal 
emission in the palsa, to ~1.46mg CH4 m-2 h-1 and ~8.75mg CH4 m -2 h-1 in the bog and fen, 
respectively 28. Here, methanotroph metagenome abundances, determined using the pmoA and 
mmoX genes, were analysed alongside depth resolved biogeochemical data from the sites to 
evaluate relationships between community and methane oxidation. At the fen and bog sites the 
concentration and δ13C signature of dissolved CH4 was analysed in porewater samples collected in 
parallel with the peat samples. The δ13C signature of CH4 is influenced by the combined effect of 
the methanogenic pathway (acetoclastic versus hydrogenotrophic) that produced the CH4, and the 
activity of the methanotrophs 28,324. The highest abundance of methanotrophs occurred in the region 
of the peat profiles where there was maximum dissolved CH4, but still periodic oxygen availability 
either due to varying water tables in the bog 193 or root transport in the fen 294 (bog = 15-20cm, fen 
= 10-15cm; Figure 6).  
70 
 
 
Figure 6: Depth profiles of palsa, bog and fen methanotroph community abundances (as pmoA and 
mmoX gene reads normalised by total library and HMM length) and relationship to water table, 
dissolved CH4 concentration and δ13C signature (no porewater present at the palsa site). 
Metagenome and porewater chemistry data from 2011 and 2012 was averaged across all dates by 
depth category; error bars represent ± 1 standard error. This shows a link between methanotroph 
abundances and dissolved CH4 concentration across the thaw gradient. At the bog site, δ13C-CH4 
patterns track the depth distribution of the methanotroph community, with the heaviest (most 
oxidised) CH4 occurring just above the maximum water table depth where methanogen populations 
are highest and the lightest (least oxidised) CH4 occurring in permanently inundated peat where 
methanotroph abundances are low.  
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Since hydrogenotrophic methanogens were dominant in the bog samples 28, most of the variation in 
δ13C-CH4 at this site was likely due to variation in methane oxidation (not variation in production 
pathway), with less negative δ13C-CH4 values indicating the preferential use of lighter 12CH4  by 
methanotrophs, and consequently greater CH4 oxidation. While methanotroph transcript expression 
in the bog revealed no depth associated trends (Figure 5), comparison of methanotroph abundances 
and δ13C-CH4 suggest that methanotrophy increased with depth across the region of peat that is 
periodically above the water table and decreased in the permanently inundated peat (Figure 6). The 
heaviest (most oxidized) CH4 and the highest methanotroph abundances occurred in peat that is 
inundated >90% of the time (15-20cm) (Figure 6). This was surprising, as CH4 oxidation was  
expected to be greatest nearer the theoretical optimal oxygen and CH4 conditions of the oxic-anoxic 
boundary at the average water table depth (6cm)321. Instead, it appears that CH4 concentration, 
which increases with depth, is the key driver of methanotroph community patterns and that a highly 
variable water table in the bog allows infrequent oxic events that provide sufficient oxygen to 
support specialised methanotroph populations. 
In the fen, methanotroph abundances correlated with distance from the water table (Supplementary 
Figure 15), however low variability in δ13C-CH4 indicated no clear isotopic evidence for activity of 
methanotrophs even though the highest methanotroph abundances were found between 10 and 
15cm, and Methylococcaceae were active (Figure 5; Figure 6). This disconnection of abundances, 
activity and δ13C-CH4 may be related to the capacity of plant roots to provide substrates for 
methanogenesis within the peat, a conduit for oxygen into the peat and CH4 out of the peat, which 
could consequently bypass oxidation and disrupt clear methane oxidation gradients 193. 
Conclusion 
The methanotrophs found within the Stordalen Mire thaw gradient include canonical and novel 
populations that encode diverse metabolisms. The low CH4 environment of the palsa is populated 
by the likely facultative and high affinity atmospheric methane-oxidisers USCα. The 
Methylocystaceae (MC1 and MC2) in the bog can cope with fluctuating CH4 conditions due to the 
pMMO isozymes (pMMO and pMMO2) and capability for acetate uptake. In the high CH4 fen, the 
obligate Methylococcaceae (MB1 and MB2) are dominant and active, while the metabolically 
diverse HYP1 are in low abundance and appear relatively inactive. It is evident that an 
evolutionarily complex, diverse and shifting methanotroph community is at the forefront of climate 
change as permafrost thaws. The low abundance of USC1 and HYP1 precluded their enrichment 
and visualisation. However, it is hoped that the metabolic inferences determined from these 
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genomes will guide future efforts to target and eventually isolate these elusive microorganisms, and 
experimentally confirm the extent of their ecological impact. 
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Abstract 
Microorganisms play a central role in biogeochemical cycles, yet our understanding of the 
microorganisms and metabolisms underpinning these cycles is incomplete. The dogma that 
nitrification is a two-stage process was recently repudiated with the discovery of comammox 
(COMplete AMMonia OXidizers) belonging to the Nitrospira. To date, comammox have only been 
recovered from engineered systems, with genomic characterization focusing on populations 
possessing the ‘clade A’ variant of the ammonia monooxygenase gene (amoA). Here, we report the 
distribution of comammox across a natural permafrost thaw gradient in Stordalen Mire (Sweden). 
Comammox amoA genes were detected in the palsa and fen stages at higher abundances than 
canonical nitrifiers, suggesting that comammox are the principle microorganisms responsible for 
nitrification at Stordalen Mire. Two comammox ‘clade B’ metagenome-assembled genomes were 
recovered from the site and compared to existing public genomes, revealing potential metabolic 
adaptations. In situ activity was confirmed in the metatranscriptome of a palsa sample. The NCBI 
sequencing read archive was searched for comammox amoA sequences, revealing differences in 
environmental preferences between clades A and B. Our findings add to the environmental 
significance of this newly discovered group, and reveal comammox as a functional member of a 
changing permafrost environment. 
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Originality-Significance Statement 
This work provides new insights into the nitrifier community within naturally thawing permafrost, 
and in particular characterizes a predominant nitrifier lineage belonging to the recently discovered 
comammox. We explore the first two metagenome-assembled comammox Nitrospira clade B 
genomes from a natural terrestrial system.   
Introduction 
Climate change-induced thaw of near surface permafrost releases previously inaccessible organic 
matter to microbial degradation, resulting in the production of greenhouse gases such as carbon 
dioxide (CO2), methane (CH4) and nitrous oxide (N2O) 2,7. While the microbial drivers of CO2 and 
CH4 cycling have been closely examined in these systems, the microorganisms responsible for 
nitrogen (N) cycling are largely under-characterized. The limited bioavailable N in permafrost-
associated soil is typically in high demand and rapidly metabolized by microorganisms and plants 
116. Lack of N availability slows down the carbon cycle both by restricting primary production (CO2 
uptake) and limiting organic matter decomposition and subsequent CO2 and CH4 release 118,119. 
Nitrifiers perform a key role in processing N through nitrification, the sequential transformation of 
ammonia to nitrite (ammonia oxidation), and nitrite to nitrate (nitrite oxidation) 123. N2O can be 
both a direct and indirect by-product of this process 325-327. Consequently, the characterization of 
nitrifiers is beneficial to elucidating both N and carbon cycling in this thawing environment, as well 
as the broader impact thaw may have on climate change feedback. 
Historically, nitrification was believed to be a two-stage process involving ammonia oxidizing 
Bacteria (AOB) and Archaea (AOA) within the Proteobacteria (e.g., Nitrosomonas, Nitrosococcus) 
180 and Thaumarchaeota (e.g., Nitrosopumilus) 328, respectively, and bacterial nitrite oxidizers 
belonging to Proteobacteria (e.g., Nitrobacter and Nitrococcus) 329, Nitrospinae 136, Nitrospirae 139 
and Chloroflexi (Nitrolancea) 137. In soil systems, including Arctic soils, members of the 
Thaumarchaeota have been implicated as the predominant ammonia oxidisers 64,143. Recently, 
however, species within lineage II of the Nitrospira genus were found to be capable of both steps of 
nitrification (termed complete ammonia oxidisers - comammox) 124,125,135, and have been 
overlooked in previous surveys of nitrifiers. Comammox are phylogenetically placed within lineage 
II of the six Nitrospira sublineages 124,135, and oxidize ammonia to nitrite using the ammonia 
monooxygenase (AMO) and nitrite to nitrate using a nitrite oxidoreductase (NXR). The comammox 
amoA gene, encoding subunit alpha of AMO, forms a monophyletic group comprising two clades, 
clade A and clade B, which are divergent from known proteobacterial and archaeal amoA genes. 
These divergent groups were originally hypothesized to belong to the methanotroph Crenothrix 
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polyspora 83,330 (clade A) and a Crenothrix-related cluster (clade B) within the Alphaproteobacteria 
280,331-334, but both have since been reattributed to members of the Nitrospirae 124,330.  
Comammox genomes have only been recovered from engineered environments, such as enrichment 
cultures from an anaerobic aquaculture biofilm 125 and a hot water pipe 124, groundwater wells 124, a 
drinking water treatment plant 165, and most recently a drinking water sand filter 335,336. Reanalysis 
of environmental amoA sequences show that clade A and B comammox are widely distributed in 
the environment including Arctic and upland soils 92,164,280,332-334. To date, only clade A genomes 
have been metabolically characterized and isolated 166, and no genomes for comammox have been 
recovered from natural environments or had their activity measured in situ. Here, we describe the 
distribution of nitrifiers in a discontinuous permafrost peatland region undergoing rapid thaw 
(Stordalen Mire, Abisko, Sweden), and show that comammox clade B populations are primary 
nitrifiers. The recovery of two clade B population genomes with in situ transcriptomic data from the 
site reveal the metabolic divergence of clade B populations, and the potential adaptations of an 
active comammox lineage to a changing terrestrial environment.  
Materials and Methods 
Study Site, sampling, DNA and RNA extractions and sequencing 
Sampling of triplicate cores was conducted at Stordalen Mire in the years 2010, 2011 and 2012 
(68°21’N, 19°03’E, 359m a.s.l.), with raw material processed for biogeochemical analysis, DNA 
and RNA extractions, and metagenome and metatranscriptome sequencing conducted as described 
previously 28,31,206,337 (Woodcroft et al. 2018, unpublished). Sampling depths are provided in 
Supplementary Table 2. Briefly, fen: surface = 1-4 cm, mid = 5-8 cm, deep = 3 cm samples between 
11-27 cm, extra-deep = 3 cm samples between 44-50 cm. Bog: surface = 1-4 cm, mid = 3 cm 
samples between 5-23 cm, deep = 3 cm samples between 10-28 cm, xdeep = 30-33 cm. Palsa: 
surface = 1-4 cm, mid = 3 cm samples between 7-29 cm, deep = 3 cm samples between 14-51 cm. 
Genome assembly, binning and annotation 
NCB1 and NCB2 were identified within a set of 1,529 MAGs reported in Woodcroft et al. (2018, 
unpublished). Briefly, these MAGs were recovered from 214 individual metagenome assemblies 
using CLC Genomics Workbench version 4.4 (QIAGEN, CA), and differential coverage binning 
across the sample environments (palsa, bog and fen) using BamM v1.3.8-1.5.0 (Imelfort and 
Lamberton et al., http://ecogenomics.github.io/BamM) and MetaBAT v3127e20aa4e7 46. 
Completeness, contamination and strain heterogeneity were estimated using the CheckM v1.0.4 241 
lineage workflow.  
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NCB1, NCB2, additional genomes from the literature (GWW1, GWW3, GWW4, MBR1, MBR2) 
124, and genomes recovered from public data binning (see below), were placed in a reference 
genome tree with genomes from NCBI (RefSeq release 78) for phylogenetic analysis using the 
genome taxonomy database GTDB v2.1.8 (Chaumeil & Parks, 
https://github.com/Ecogenomics/GTDBNCBI, http://gtdb.ecogenomic.org/). FastTree v2.1.9 245 was 
used to build the genome tree as previously described (Woodcroft et al. 2018, unpublished). The 
genome tree contained over 20,000 genomes, and was reduced to the sets of interest before 
bootstrapping using GenomeTreeTk v0.0.32 ‘bootstrap’ (Parks, 
https://github.com/dparks1134/GenomeTreeTk) and 100x FastTree iterations. ARB v6.0.6 285, 
ITOL 248, and Inkscape (http://inkscape.org) were used to visualize and refine the tree. 
The relative abundance of NCB1 and NCB2 was calculated as previously described (Woodcroft et 
al. 2018, unpublished)337, using BamM “make”, BamM v1.7.3 “filter” (minimum identity 95%, 
minimum aligned length 75% of each read) and contig coverage information calculated using 
BamM “parse” and “tpmean” mode. The relative abundance described is the abundance of NCB1 
and NCB2 within the total community, and is presented in Supplementary Table 4. 
Nitrifier protein trees, GraftM package creation and assembly searching 
The analysis of amoA sequences from ammonia oxidisers were conducted using an amoA/pmoA 
GraftM package as previously described 337. An nxrA GraftM package was created using this 
approach. Additional AmoA, NxrA, NirK and NxrB phylogenetic trees were created using 
representative seed sequences gathered from the literature and provided to GeneTreeTk v0.0.8 
(Parks, https://github.com/dparks1134/GeneTreeTk) 124,338-341. These were used in a pairwise 
BLAST 291 of a database of CDS regions from dereplicated and annotated genomes from NCBI 
(RefSeq release 75 for NirK, RefSeq release 78 for NxrA, NxrB and AmoA) to identify homologs. 
GeneTreeTk uses FastTree 245 and the LG + GAMMA model to infer an approximately maximum 
likelihood gene tree from alignments of the amino acid sequences. The NirK tree was created using 
Mingle v0.0.17 (Parks, https://github.com/Ecogenomics/mingle), using the WAG + GAMMA 
model. The resultant protein trees were then manually annotated into functional clades using ARB 
285 and guided by the literature 124,338-341. GeneTreeTk ‘bootstrap’ was used to determine bootstrap 
support for the clades using 100x replicates. ARB was used to visualize the trees, and groups not 
essential to the discussion were removed to simplify visualization. ITOL 248 and Inkscape 
(http://inkscape.org) were used to refine the trees. See Supplementary Table 12, 13, 14, and 15 for 
RefSeq accessions used to create the AmoA, NxrA, NirK, NxrB trees. 
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Metatranscriptomic read processing 
The 24 metatranscriptomes were processed as described previously with slight variations 
(Woodcroft et al. 2018, unpublished). SeqPrep (John, https://github.com/jstjohn/SeqPrep) was used 
to remove adaptors. After rRNA and phiX removal with SortMeRNA 288, the total mRNA 
sequences were mapped using BamM v1.7.3 ‘make’, and then BamM ‘filter’ for stringent filtering 
(95% identity across 75% of the read length) against a concatenated file of 647 dereplicated 
genomes recovered from Stordalen Mire. Dirseq v0.0.2 (Woodcroft et al., 
https://github.com/wwood/dirseq) (parameter --ignore-directions) was used to determine the 
average gene coverage for NCB1 and NCB2, using both the filtered bam files and PROKKA v1.11 
250 .gff annotation file of the 647 dereplicated genomes as input. 
GraftM community profiling of the raw metagenomes and NCBI Sequence Read Archive (SRA) 
The amoA and nxrA GraftM gene packages were run on the 214 metagenomes using GraftM v0.9.3 
‘graft’. Where possible, GNU parallel 240 was used to speed data processing. The resulting read 
counts per sample were normalized by the total library size of the metagenomes and the HMM 
length through division by total read count and HMM bp number, respectively. The amoA and nxrA 
genes differ in length, so this adjustment was required to enable the comparison of nitrifier gene 
relative abundances. R 249 and RStudio 269 were used to create heatmaps from the count data. 
GraftM ‘graft’ using the amoA HMM was run on 24,636 SRA files (incorporating both amplicon 
and metagenome files, see Supplementary Table 16 for download dates) in order to determine the 
environmental distribution of clade A and clade B Nitrospira. Once samples with hits were 
established, they were assigned to ‘environments’ based on descriptions (Supplementary Table 16). 
The description ‘other’ incorporates samples attributed to animal, biofilm, human, hypolithon, 
saline lake, sand, synthetic and urban. The description ‘soil’ includes soil, peat soil and permafrost. 
SRA samples with the highest abundances of Nitrospira clade B amoA were selected for assembly 
and binning, following the same protocol outlined above, except using CLC assembly cell v5.0.0 
(QIAGEN) and MetaBAT v0.32.4 46. Both ‘default’ and ‘very sensitive’ arguments were used, with 
the best bins selected based on CheckM results. The samples included five metagenomes from an 
Oklahoma prairie temperate soil (ERR1041385, ERR1043165, ERR1043166, ERR1044071, 
ERR1051325) 44 and three microbialite metagenomes (SRR3310977, SRR3311145, SRR3311162) 
342. RefineM v0.0.13 (Parks, https://github.com/dparks1134/RefineM) was used to separate a 
chimeric comammox bin based on GC and coverage into two separate MAGs, SRR3311162 bin 17a 
(clade A) and SRR3311162 bin 17b (clade B) (Figure 4). 
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Biogeochemical analysis  
Nitrate concentrations for samples collected in July 2011 and 2012 were measured by ion 
chromatography on a Dionex ICS-1100 with a 4-mm IonPac AS22 column. The eluent was 4.5 mM 
carbonate/1.4 mM bicarbonate, and the flow rate was 1.2 mL/min. Nitrate concentrations for June 
2011 samples also include nitrite (a very small fraction of the total measured concentration), and 
were measured by reduction to gaseous nitric oxide (NO) in an acidic VnCl3 solution followed by 
chemiluminescence detection with a Thermo model 42i NOx analyzer (Thermo Scientific) 343. 
Ammonia concentrations were measured by reaction with salicylate and hypochlorite followed by 
colorimetric detection at 640 nm 344. 
C/N ratios were measured on an elemental analyzer-isotope ratio mass spectrometer (EA-IRMS) as 
described previously 206. δ15N isotopes were measured using the same method, which collects 
isotope data alongside the %C and %N concentrations used to calculate C/N. In addition to the 
samples from 2011 measured in Hodgkins et al (2014), this dataset also includes samples from 
2012. 
These measurements were conducted at Florida State University (Tallahassee, FL, USA) and 
concentrations are presented in Supplementary Table 2. Statistical differences in nitrate, ammonia, 
δ15N, %N weight and C/N ratio of solid phase peat measurements between sites were conducted 
using Welch two sample t-test in R 249. 
NCB1 and NCB2 metabolic reconstruction and AAI 
Metabolic reconstruction of NCB1 and NCB2 is based on annotations from PROKKA 250 and the 
IMG ER genome annotation pipeline 289. Key nitrogen processing and central metabolic genes were 
validated using BLASTP 345. Where functional capacity and phylogeny was of key interest, such as 
for nxrA, nxrB and nirK, the proteins were extracted and used as query sequences for Mingle or 
GeneTreeTk as described above. HydDB 292 was used to identify and classify hydrogenases. 
CompareM v0.0.17 (Parks et al., https://github.com/dparks1134/CompareM) ‘aai_wf’ was used to 
determine average amino acid identity (AAI) of NCB1 and NCB2 and the publicly available 
Nitrospira genomes, and clustered using the default settings of 30% (Supplementary Table 5). 
CompareM aa_usage was used to determine potential amino acid bias in frequencies between the 
genomes, for indication of cold adaptation at the amino acid sequence level (Supplementary Table 
7). Clustering of orthologous genes for the identification of accessory metabolisms was 
accomplished using proteinortho5.pl 346 using the default 25% identity clustering threshold 
(Supplementary Table 17). Genes potentially involved in the cold adaptation response of NCB1 and 
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NCB2 were determined from IMG and PROKKA annotations (Supplementary Tables 8 and 9). 
Completeness of chemotaxis and flagella-assembly pathways were determined using EnrichM 
v0.1.7 (Boyd et al., https://github.com/geronimp/enrichM), and the default settings of ‘enrichm 
annotate’, with presence of chemotaxis or flagella in Figure 4 determined as having >50% of the 
required KOs (compared to N. inopinata) in the KEGG pathway, to account for motility potential in 
the substantially incomplete MAGs (Supplementary Table 18). EnrichM uses DIAMOND v0.9.6 347 
to blast CDS regions against the KO database (UniRef100) 348. 
Results and Discussion 
Identification of nitrifiers across the Stordalen Mire thaw gradient using amoA and nxrA 
Nitrifier abundance and diversity was examined in 214 metagenomes from across the Stordalen 
Mire thaw gradient by determining the relative abundance of the key marker genes for ammonia 
monooxygenase (AMO; amoA) and nitrite oxidoreductase (NXR; nxrA) (Figure 1). The thaw 
gradient spans three collocated sites: a palsa supported by intact permafrost, a partially-thawed 
ombrotrophic bog, and fully-thawed fen 13. The 214 metagenomes included 188 samples from the 
surface, middle (mid) and deep fractions (1-51 cm) of active layer (seasonally thawed) soil cores, as 
well as 26 samples from three 100 cm palsa cores (‘high-resolution’ palsa cores) spanning both 
active layer and permafrost. The highest average amoA abundances were observed in the mid and 
deep palsa, the permafrost layer of one high-resolution palsa core (>50 cm depth core 3), as well as 
in the fen (Figure 1).  Nitrospira amoA sequences were identified in 33 samples (Figure 1; 
Supplementary Table 1), whereas betaproteobacterial AOB and AOA were detected in only 11 and 
9 samples, respectively (Figure 1).  
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Figure 1: Abundance of ammonia oxidizer and nitrite oxidizer functional genes across the 
Stordalen Mire thaw gradient. Depths at which the samples were taken are indicated in the left bar 
as surface, mid, deep and xdeep = extra deep. The depths per sample are indicated in 
Supplementary Table 2. Palsa* describes the three high-resolution palsa cores that were entirely 
frozen at the time of sampling, and the cyan blocks in the left bar indicate samples taken from the 
permanently frozen permafrost zone (samples below 50 cm) within these high-resolution cores. 
Abundances are a proportion of the total reads divided by the HMM length for the ammonia 
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monooxygenase A gene (amoA) and nitrite oxidoreductase A gene (nxrA) determined using GraftM. 
amoA was detected for Betaproteobacteria (β), Archaea (Arc) as well as comammox (Nsp). nxrA 
was detected for Nitrobacter-like populations (Nbr), Nitrospira (Nsp), as well as uncharacterized 
periplasmic nitrite oxidoreductase (pNXR) and cytoplasmic nitrite oxidoreductase (cNXR). The 
periplasmic and cytoplasmic NXR taxonomical attribution is tentative, as this clade may include 
paralogues of unknown function. Samples with zero reads detected across all discussed groups for 
ammonia or nitrite oxidation were not included for ease of presentation. 
Phylogenies of full-length protein sequences derived from sample assemblies revealed presence of 
both clade A and B comammox (Figure 2). NxrA sequence abundances followed a similar 
distribution to amoA, and were identified predominantly in the palsa. Nitrobacter-like and 
Nitrospira nxrA were detected in 28 and 38 samples, respectively (Figure 1 & Figure 3), suggesting 
that comammox are the dominant nitrifiers at Stordalen Mire. Additional putative periplasmic or 
cytoplasmic nxrA sequences were detected across the thaw gradient. However, due to the homology 
between nitrate oxidoreductases and nitrate reductases (NarG/NxrA) (Figure 3), these short 
sequences could represent either uncharacterized nitrite oxidizing or nitrate reducing populations 
(Figure 1). As expected, Nitrospira amoA and nxrA sequence abundances were positively correlated 
(R2 = 0.64, p < 2.2e-16; Supplementary Fig 1), with discrepancies potentially due to higher copy 
number of amoA compared to nxrA (amoA detected but nxrA missing), higher copy number of nxrA 
compared to amoA, or the presence of non-comammox Nitrospira (nxrA detected but amoA 
missing). Copy numbers of amoA and nxrB are known to vary between Nitrospira populations 
125,336,349.  
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Figure 2: Phylogenetic protein tree of subunit alpha of the particulate hydrocarbon (HmoA), methane 
(PmoA), methane homologue (Pxm) and ammonia (AmoA) monooxygenases a, also showing the phylogeny 
of the comammox clade A and B AmoA subunits b, with the Stordalen sequences bolded. Bootstrap support 
is indicated by circles at nodes. 
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Figure 3: Overall NxrA/NarG protein tree showing the phylogeny of sequences a, with a focus on the 
Stordalen Nitrospira clade B proteins compared to the published Nitrospira genomes b. Stordalen sequences 
are bolded. Nxr nitrite oxidoreductase, the second key enzyme involved in nitrification and oxidation of 
nitrite to nitrate. Nar nitrate reductase, for the reduction of nitrate to nitrite. Bootstrap support is indicated by 
circles at the nodes. 
The total number of amoA and nxrA gene sequences suggests that nitrifiers are low in abundance at 
Stordalen Mire. Overall, porewater nitrate and ammonia concentrations were low, as observed in 
other peatlands and Scandinavian bogs 350,351. Porewater N levels are higher in the fen than in the 
bog, including both inorganic N (based on analysis of nitrate and ammonia concentrations; this 
study) and organic N (based on advanced analytical characterization of dissolved organic matter 352) 
(Supplementary Table 2; Supplementary Figure 3). From solid phase analysis, the fen had the 
highest N content, followed by palsa, and both palsa and fen peat had significantly higher N content 
than the bog (Supplementary Figure 3). The C/N ratios were similar to previous studies at the site, 
showing increased N content and greater decomposition in the fen compared to the high carbon 
content bog 206,353, and suggesting the release of N for microbial use in the fen 206. N isotopes, 
measured as δ15N, were also significantly different between the sites, with the heavier 15N isotope 
most abundant in the fen, followed by palsa and bog. These data suggest that the fen has the greatest 
biological turnover of N and greatest decomposition 353.  
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While comammox abundances (based on comammox amoA abundance) did not correlate with the N 
data, the absence of comammox populations from the bog sites likely reflects acidity or the paucity 
of available N in this environment. High competition for N-based electron acceptors and ammonia 
between microorganisms and overlying vegetation likely limit nitrifier abundances 354. In the 
ombrotrophic bog, Sphagnum moss species absorb much of the available N ions from the 
porewater, amplifying the N limitation in the surface samples 355. In the fen, N sources can be 
refreshed from the lateral flow-through of water from an interconnected water table 356. The 
generally low N availability across the thaw gradient may be the defining variable for the 
persistence of Stordalen comammox populations over strict nitrifiers. Comammox encode a high-
affinity periplasmic NXR, a high-affinity AMO 166, as well as a diverse metabolism allowing the 
use of varied substrates and cellular energy production pathways, which likely enable these 
microorganisms to outcompete other nitrifiers under N-limited conditions 139,166.  
Comammox metagenome-assembled genomes (MAGs) from Stordalen Mire  
The 1,529 metagenome assembled genomes (MAGs) recovered from Woodcroft et al. 
(unpublished) were searched for amoCAB and nxrA genes to identify potential comammox. Two 
MAGs (NCB1 and NCB2) with >93% completeness and <4% contamination were identified 
(Figure 4; Supplementary Table 3). NCB1 encoded complete amoCAB and nxrAB operons, whereas 
NCB2 encoded only amoC and nxrA, which both appeared at the ends of contigs suggesting that the 
missing genes resulted from poor assembly of these regions. Phylogenetic analysis using a 
concatenated alignment of 120 bacteria-specific single copy marker genes placed NCB1 and NCB2 
in comammox Nitrospira lineage II clade B, with two comammox MAGs recovered from a 
groundwater well (GWW) 124 (Figure 4). The highest abundances of NCB1 and NCB2 genomes 
were observed in mid-depth and deep palsa samples, with maximum relative abundances of 0.27% 
(NCB1 palsa mid-depth sample) and 0.34% (NCB2 palsa deep sample) (Supplementary Table 4). 
NCB1 and NCB2 had a combined abundance >0.05% of the community in 13 samples, all of which 
were palsa, and were also found to cohabit the same samples (17 out of 17 samples where 
abundance >0.001%).  
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Figure 4. Maximum likelihood phylogenetic genome tree of publicly available Nitrospira genomes 
and the MAGs recovered in this study, with outgroups. Bootstraps over 90% are indicated by the 
black circles. Bolded genomes show described genomes or isolates, with the Stordalen MAGs 
bolded in red. UBA MAGs are also shown, based on originating sample and UBA number in 
brackets. The presence or absence of key genes, pathways or enzymes is shown by the colored 
squares. Ammonia monooxygenase subunit A gene = amoA, ammonia monooxygenase subunit C 
gene = amoC, formate dehydrogenase alpha subunit = fdsA, transporter = formate/nitrite transporter 
(focA), succinate:quinone oxidoreductase SQOR beta subunit (sdhB) = SQOR E/B/C-types, nickel-
iron hydrogenase = NiFe, flagella and chemotaxis pathways.  
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Comparative genomic analysis of Stordalen and publicly available comammox MAGs 
Comparative genomic analysis of the Nitrospira lineage II using the two clade B Stordalen MAGs 
(NCB1 and NCB2), publicly available MAGs (four clade A and two clade B genomes) and the 
Nitrospira moscoviensis isolate genome (non-commamox), revealed core and accessory metabolic 
features of this lineage. NCB1 and NCB2 had the highest average amino acid identity (AAI 
95.75%) of all comammox MAGs, indicating that they are members of the same species 295 (Figure 
5a; Supplementary Table 5). Following the phylogeny of the genome tree (Figure 4), clade A and B 
genomes (including NCB1 and NCB2) had greatest identity to those of the same clade, with an 
inter-clade AAI of ~70% (Figure 5a). The pangenome of the nine MAGs comprised 1,204 
orthologous genes clustered at 25% AAI (Figure 5c), and revealed that NCB1 and NCB2 share a 
core metabolism with all other members of Nitrospira lineage II, which included a reductive TCA 
cycle, pentose phosphate pathway and EMP pathway (Figure 5d).  
87 
 
 
Figure 5. Overview of comammox clade A and B, and Nitrospira moscoviensis comparisons. a, 
Comparison of the amino acid identity percentage (AAI% in blue) and orthologous gene fraction 
percentage (in yellow) (clustered at 30% AAI). The orthologous fraction, determined by the number 
of orthologous genes divided by the minimum total genes of the pairs, shows many genes without 
orthologous groups with the orthologous fraction of pairs ranging from 45.95- 69.49%. b, a 
simplified phylogenetic tree showing the relationship of the populations, with black circles 
indicating a bootstrap support of 100%, and the numbers in brackets indicating the number of 
unique genes to that genome. Colored lines indicate genomes from engineered (dark red) or the 
Stordalen (purple) environments. Colored boxes indicate clade A (green) and clade B (blue) groups. 
c, The orthologous overlap of the published Nitrospira lineage II clade A and B genomes (clustered 
at 25%), with border color reflecting b. d, Metabolic reconstruction of the comammox population 
genomes NCB1 and NCB2 compared to N. inopinata model (currently the best characterized 
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comammox population) 124. The inset indicates the periplasmic and cytoplasmic processes. Colors 
of components indicate the genome (NCB or NI (Nitrospira inopinata)) or combination of genomes 
that possess the metabolic cycle, or enzyme. Red lines indicate detected transcript expression at 
Stordalen Mire. Acronyms: AMO ammonia monooxygenase, HAO hydroxylamine dehydrogenase, 
NXR nitrite oxidoreductase, NirK nitrite reductase, NapA nitrate reductase periplasmic, NrfAH 
nitrite reductase dissimilatory, CLD chlorite dismutase, CA carbonic anhydrase,  FDH EHR 
putative formate hydrogenlyase with energy converting hydrogenases related complex, NarK 
nitrate/nitrite transporter, FocA formate/nitrite transporter, FDH soluble formate dehydrogenase, 
NiFe IIIb nickel iron hydrogenase (group 3b), I complex I NADH dehydrogenase, II complex II 
succinate dehydrogenase, III cytochrome bc1 complex, IV cytochrome c oxidase, IV cbb3 
cytochrome cbb3 oxidase, cyd cytochrome bd oxidase, LPS lipopolysaccharide, NtrC nitrate 
regulating protein C, Cys sulfate adenylyltransferase. Sir sulfite reductase, EMP Embden-
Meyerhof-Parnas pathway (glycolysis), (r)TCA (reductive) tricarboxylic acid cycle. 
Clade A and clade B MAGs had key differences in metabolic potential. The clade B MAGs (NCB1, 
NCB2, GWW3 and GWW4) encode a “non-classical” E-type succinate dehydrogenase/fumarate 
reductase (succinate:quinone oxidoreductase, SQOR), found mainly in Archaea, which forms part 
of the reductive and/or oxidative TCA cycle 357,358. The E-type SQOR is encoded by succinate 
dehydrogenase subunit A, B and E genes (sdhA, sdhB and sdhE) 357,358 and is found in the nitrite-
oxidisers Nitrospira defluvii 357 (Nitrospira lineage I) and Nitrospira marina (Nitrospira lineage IV) 
359 (Figure 4). Like N. defluvii, NCB1 and NCB2 have two copies of sdhA, which is hypothesized to 
prime SQOR function for either oxidation or reduction 357, and one copy each of sdhB and sdhE 
357,360. Clade A comammox, as well as non-comammox Nitrospira moscoviensis  361 and Nitrospira 
japonica 362 (Nitrospira lineage II), encode a B-type SQOR found mainly in the 
Epsilonproteobacteria 358 (Supplementary Note 1). The nitrite-oxidizer Nitrospina gracilis (phylum 
Nitrospinae) encodes both B-type and E-type SQOR, suggested to function as either fumarate 
reductase or succinate dehydrogenase, respectively 136. While it is currently unclear what 
advantages these different enzymes confer in Nitrospira, it is possible that the B-type SQOR in 
Nitrospira clade A populations is better suited to fumarate reductase activity and carbon fixation 
under predominantly constant and microoxic conditions. For the wider Nitrospira, the E-type, with 
two copies of sdhA, may have greater capacity for bi-directionality in fluctuating oxygen 
environments, such as Stordalen Mire. 
The clade B MAGs also encode a unique formate/nitrate transporter (focA) collocated with a soluble 
NAD+-dependent formate dehydrogenase (fdsABG) (Figure 4) 163,363. This suggests the potential for 
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formate transport and oxidation, which would allow NCB1 and NCB2 an alternate means of energy 
generation. Formate oxidation coupled to oxygen (aerobic) or nitrate reduction (anaerobic) has been 
recorded in N. moscoviensisis 163,361.  NCB1 and NCB2 could use formate produced by fermenters 
in the anaerobic layers of the peat. This would offer a distinct metabolic advantage over obligate 
ammonia and nitrite oxidisers under the N limited conditions and may explain the prevalence of 
comammox amoA and nxrA sequences observed at the site 163.  
To determine the potential adaptations of NCB1 and NCB2 to the permafrost-associated soil 
environment, differences between the accessory metabolisms of these MAGs and the Nitrospira 
lineage II MAGs derived from engineered systems were examined. Clade A/B engineered 
populations and N. moscoviensis possess large chemotaxis and flagellar assembly operons that are 
missing in NCB1 and NCB2. While flagella have been observed in the recently isolated Nitrospira 
inopinata 124,166 (comammox Nitrospira lineage II) and Nitrospira calida 364 (non-comammox 
Nitrospira lineage VI), N. moscoviensis and N. defluvii 138 have seemingly complete flagellar 
assembly operons but lack flagella. This could be a product of the growth conditions, the formation 
of sessile aggregates or biofilms 365, or non-functional operons. Potentially, the flagellar genes are 
missing in the unrecovered fraction of NCB1 and NCB2 (<7% of the genomes). However, flagella-
based motility is only useful in aqueous environments 366, suggesting loss of these flagellar and key 
chemotaxis genes in NCB1 and NCB2. Instead, NCB1 and NCB2 encode motility genes suited to 
the soil environment, which include type IV pili, and twitching motility for pili attachment and 
retraction, enabling adhesion to soil particles or biofilm formation 367.  
NCB1 and NCB2 have larger genomes (5,067 and 4,828 genes, respectively) than the engineered-
derived clade A/B comammox (avg. 3809 ±572 genes). Soil microbial genomes are generally larger 
than aquatic genomes of closely related clades, and better suited to low nutrient but fluctuating 
conditions 368,369. NCB1 and NCB2 had 502 shared orthologues beyond the Nitrospira lineage II 
core metabolism, including transposases, recombinases and phage genes. Despite an inferred 
species-level relationship, a large proportion of genes for mobile genetic elements, hypotheticals 
and regulatory mechanisms also distinguished NCB1 from NCB2, which had 2,197 and 1,783 
orthologues comprising their respective individual accessory metabolisms. The high number of 
mobile genetic elements likely reflects high genomic plasticity suited to a dynamic environment 370 
(Supplementary Table 6). In combination with larger genomes, this could indicate genomic 
redundancy, which is also suggested to be associated with survival in cold habitats 371. Isozymes 
may facilitate continued metabolism under different environmental conditions, including 
temperature 371,372. 
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With an annual mean temperature of near 0°C and a three to four month growing season (daily 
mean temperature >5°C) 373,374, Stordalen Mire has large temperature fluctuations from extreme 
cold in winter to warm (max of 25°C during sampling dates) in summer. The Stordalen Nitrospira 
populations are present in the deep active layer palsa samples and the permafrost layers (Figure 2), 
requiring adaptations to enable life under these psychrotolerant conditions 375. No differences in 
amino acid bias were observed between NCB1 and NCB2 and the engineered groups, such as the 
reduced use of the stabilizing amino acids proline and arginine in favor of the more flexible lysine 
376 (Supplementary Table 7). However, adaptations to osmotic fluctuation and high solute 
concentrations, a consequence of freezing, were identified 376, such as K+ ATPase genes for short 
term osmotic response to changes in solute concentration 377, ABC transporter genes for 
osmoprotectants such as choline and glycine betaine import (opuBC, opuBB, opuBA), and pathways 
for the production of compatible solutes such as choline and trehalose for longer term tolerance 375. 
Other key adaptations identified include maintenance of cell membrane fluidity through unsaturated 
fatty acid biosynthesis and fatty acid desaturases 378. Encoded DNA helicases, gyrases and DEAD-
box helicases likely allow the NCB populations to cope with increased DNA negative supercoiling 
and RNA secondary structures 224. NCB1 and NCB2 also encode several cold and heat shock 
proteins, which may support DNA, RNA or protein stability in the mire’s fluctuating temperatures 
224 (Supplementary Tables 8 and 9).  
Transcript expression of NCB1 and NCB2  
Twenty-four metatranscriptomes were searched for NCB1 and NCB2 transcripts to measure in situ 
activity. Transcript expression of both (which were only present at >0.05% in palsa metagenomes, 
Supplementary Table 4) was observed in one palsa sample, which had a soil temperature of 0.8°C, 
collected at a depth of 30-33 cm during the mid-growing season (July). NCB1 appeared to be more 
active than NCB2, with 138 NCB1 and 28 NCB2 genes having at least 1x average transcript 
coverage per gene (Supplementary Tables 10 and 11; Figure 5d). Of the genes key to N cycling 
only hydroxylamine dehydrogenase (hao), which converts hydroxylamine to nitrite, was expressed 
in NCB2 (average coverage 6.8). In contrast, NCB1 expressed amoB (average coverage 9.29) and 
hao (average coverage 14.08), but had minimal or no detected expression of amoA (average 
coverage 0.48) and amoC. Greater expression of amoB over the other subunits could indicate longer 
surviving transcripts, or the importance of subunit B as the potential active site 379. N. inopinata 
amoB and hao proteins were more abundant than amoC and amoA in an enrichment culture 
metaproteome 124, which supports the unusual abundance of the transcripts in the palsa 
metatranscriptome. In the N. inopinata metaproteome, proteins for nitrite oxidation were even more 
abundant than proteins for ammonia oxidation. While this was not observed in NCB1, nxrA and 
91 
 
nxrB were expressed (average coverage 1.39 and 2.2), providing evidence of active use of the full 
pathway for complete ammonia oxidation in the palsa environment.  
Nitrite reductase (nirK), which reduces nitrite to nitric oxide (NO), had unexpectedly high 
expression compared to the other genes (average coverage 43), but comammox do not possess 
canonical nitric oxide reductase or nitrous oxide reductase to further process this toxic product. 
High levels of NO interfere with cellular respiration through rapid reaction with metal ions in 
cytochromes, and can form reactive N oxide species that damage DNA when in contact with 
oxygen 380. nirK is encoded by many nitrite and ammonia oxidizers, including ammonia oxidizing 
archaea, suggesting an important role within nitrifiers 357,381 (Supplementary Figure 4). In 
Nitrobacter, NO accumulation is suggested to control electron flux with accumulation in low 
oxygen conditions found to inhibit cytochrome c oxidase and direct electrons to the formation of 
reductant (NADH) and carbon fixation 382. However, NirK was recently hypothesized to function in 
the newly discovered third step of ammonia oxidation, with HAO oxidizing hydroxylamine to NO 
and an unknown enzyme, potentially NirK acting in reverse, oxidizing NO to NO2- 122. This could 
explain the observed high expression of nirK in NCB1.  
Expression of the gene for pyruvate ferredoxin:oxidoreductase subunit B (porB; average coverage 
18.35) suggests active carbon fixation of acetyl-CoA to pyruvate, which could be fueled by 
electrons from formate oxidation (formate dehydrogenase fdsA; average coverage 4.62) coupled to 
nitrite reduction. NCB1 had high relative expression for putative cytochrome c and cytochrome bd 
oxidase subunit I genes (putative cytochrome c = average coverage 38.25 and 13.6, putative bd = 
average coverage 16.4). Cytochrome bd oxidase is a high affinity oxidase and suggests adaptation 
to the microaerobic conditions of the deeper peat layers 383. It is possible that NCB1 is 
simultaneously using nitrate and oxygen as electron acceptors for formate oxidation, and oxygen for 
nitrite oxidation, as this was experimentally observed in N. moscoviensis 163. Cytochrome bd 
oxidase is also known to be upregulated under NO stress in E. coli, protecting cells from the effects 
of NO through reduced sensitivity and a faster NO dissociation rate in low oxygen conditions 384. 
Expression of a putative cytochrome bd as a terminal oxidase could suggest a protective strategy for 
the recovery of aerobic respiration under NO production conditions 357, or a shifting metabolism to 
carbon storage under low oxygen and activity conditions. 
Environmental distribution of comammox clade A and B populations in the SRA database 
Uncovering the global distribution of comammox clade A and B populations is central to 
determining their importance in N cycling, as well as their preferred environmental niches. The 
presence of comammox clade A has been investigated in public metagenomes available on MG-
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RAST 125, NCBI GenBank, IMG-ER and IMG-MER 124, with amoA sequences found in wastewater 
treatment plants (WWTPs), sediment and soil systems 125, and wetlands, aquifers and river beds 124. 
Comammox clade B was also identified in the GWW Nitrospira bins and detected in several 
environmental samples 124,164. In order to more distinctly identify the niche overlap of comammox 
clade A and B, the NCBI sequence read archive (SRA) database was searched for amoA genes. A 
total of 27,634 SRA sequence files (downloaded 1st June 2017) were searched (including amplicon 
and metagenome data files), with hits to the reads collected and interpreted in the context of habitat 
or system types (Supplementary Table 16). Particular systems were overrepresented by samples, 
due to the scope and sequencing efforts of projects. At least two amoA sequences belonging to 
comammox clade A and clade B were found in 367 and 308 samples, respectively, whereas 
betaproteobacterial amoA sequences were detected in 902 samples. Betaproteobacterial ammonia 
oxidisers are known for their wide distribution 120, and were detected in a variety of systems in a 
greater proportion than comammox, suggesting that betaproteobacterial AOB are more widespread 
(Supplementary Figure 5). Of the 1,130 samples containing amoA sequences, Betaproteobacteria 
shared 161 (14.2%) samples with clade B, 263 (23.2%) with clade A, and 98 (8.7%) with both clade 
A and B. Clade A and B comammox were often in the same sample, sharing 127 (29%) of the 436 
samples with detected comammox (>2 clade A and >2 clade B amoA sequences). However, clade A 
appears to be present in more sediment, marine and engineered environments, whereas clade B is 
present in more freshwater, permafrost, aquifer and soil environments, including the Stordalen 
permafrost thaw gradient (Supplementary Figure 5). This partitioning of the two clades expands on 
observations from a recent amoA assay of 11 environmental samples, where co-occurrence was 
recorded in seven samples, and either clade A or clade B were detected in WWTPs, river biofilm, 
lake sediment (clade A only), and forest soil (clade B only) samples 164.  
SRA metagenomes from two sites with high abundances of amoA clade B reads, an Oklahoma top 
soil and a Lake Alchichica microbialite community, were processed to recover additional 
environmental Nitrospira clade B populations to confirm the metabolic inferences of the Stordalen 
clade B MAGs 44,342. The recovered MAGs were placed in a genome tree, along with publicly 
available comammox genomes, and a range of ‘UBA’ Nitrospira genomes from the wider SRA 50 
(Figure 4). The MAGs varied in completeness, with two Nitrospira clade B populations of ~60% 
completeness recovered from the Oklahoma top soil metagenomes, and two clade B (62% and 72% 
completeness) and four clade A Nitrospira genomes (~88-96% completeness) recovered from the 
microbialite community. Low coverage (<10x) prevented the recovery of more complete 
comammox MAGs in the Oklahoma top soil, and likely precluded successful binning of 
comammox in the original study 44. Furthermore, one of the Nitrospira bins was chimeric, 
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comprising two distinct Nitrospira populations, and using RefineM (Parks, 
https://github.com/dparks1134/RefineM) it was possible to separate the populations based on GC 
and coverage information. Analysis of the additional environmental comammox MAGs confirmed 
presence of E-type SQOR and formate dehydrogenase in clade B, and the B-type SQOR in clade A. 
Near-complete flagellar motility operons were also observed in clade B MAGs from the 
microbialite community, but not the top soil, supporting the hypothesis that terrestrial clade B 
lineages have lost flagella-based motility.  
The recently discovered comammox have been overlooked in previous nitrifier surveys. However, 
these microorganisms are now known to be widespread in both engineered systems and the natural 
environment. There is emerging evidence of their importance in controlling N transformations in 
low N environments, based on recent experimental characterization of high affinity AMOs 166, and 
their dominance over other nitrifiers in sites such as Stordalen Mire. Public datasets are beginning 
to reveal differences in preferred environmental niches between clade A and B, with the recovery of 
genomes enabling inferences on adaptations through analysis of accessory metabolisms. It is 
expected that rapid expansion of environmental datasets and the improved recovery of complete 
environmental genomes will soon enable clear examination of the niche adaptations of both clade A 
and B environmental comammox populations, and their respective roles in global biogeochemical 
cycles. 
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Abstract 
Monooxygenases are integral enzymes in microbial carbon and nitrogen cycling. The methane 
(pMMO, sMMO) and ammonia (AMO) monooxygenases belong to the wider enzyme families of 
soluble diiron monooxygenases (SDIMO) or copper containing membrane bound monooxygenases 
(CuMMO). These enzymes are encoded by a phylogenetically restricted group of specialised 
microorganisms, which vary in their habitats, substrate preferences, affinities and consumption 
rates. While isolates have been characterised in well-established clades, advances in culture-
independent methods for investigating environmental populations are revealing a greater diversity 
of pMMO, AMO and sMMO encoding microorganisms, even outside of the established and 
characterised families or phyla. Here we examine the phylogeny, distribution and potential 
evolutionary history of these enzymes in light of the recent discoveries, by using publicly available 
genomes from isolates, enrichments and metagenomes in the rapidly expanding NCBI genome 
database. Novel putative methane oxidisers are identified within the Alpha- and Betaproteobacteria, 
with evolutionary analysis supporting previous hypotheses of substrate promiscuous ancestor 
enzymes and examples of both vertical descent and lateral gene transfer. 
Introduction 
Monooxygenase enzymes facilitate the integration of an hydroxyl group into substrates through the 
activation of dioxygen by cofactors, such as the transition metals copper or iron 385. The structural 
and biogeochemical variety of these enzymes is reflective of their wide distribution across all 
domains of life, and their essential metabolic roles 385. These roles can have a significant impact on 
the environment, through the oxidation of the greenhouse gas methane, the degradation of 
contaminants or the transformation of substrates into more bioavailable forms, such as in 
nitrification 386,387. Two structurally distinct groups of monooxygenases are of particular interest for 
their capacity to oxidise the highly stable molecule methane 174: the copper containing membrane 
bound monooxygenases (CuMMO) incorporating the particulate methane monooxygenase 
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(pMMO), and the soluble diiron monooxygenases (SDIMOs) incorporating the soluble methane 
monooxygenase (sMMO) (Table 1).  
Table 1: Overview of the monooxygenases investigated in this chapter, including the acronyms, 
substrates and example of protein encoding lineages. 
The CuMMO is a 300 kDa enzyme encoded by the pmoCAB operon and comprised of the PmoA 
(24 kDa), PmoB (42 kDa) and PmoC (22 kDa) subunits in a (αβγ)3 arrangement 174. The active site 
location is still disputed due to the difficulty of purifying active components of these membrane-
bound enzymes, and variations in activity between model species, with evidence suggesting the 
active site is potentially located at the metal centres of PmoB 388 or PmoC 389. CuMMOs are capable 
of oxidising a range of substrates,  including ammonia, C1-C5 alkanes and terminal alkenes 174. 
This enzyme is widely distributed, with pMMO encoding aerobic methane oxidisers 
(methanotrophs) found within the Proteobacteria (Alphaproteobacteria: Methylocystaceae, 
Beijerinckiaceae, Gammaproteobacteria: Methylococcaceae, Methylothermaceae), 
Verrucomicrobia and NC10 phyla, and ammonia monooxygenase (AMO) encoding ammonia 
oxidisers found within the Proteobacteria, Nitrospirae, and most distantly the Thaumarchaeota 174. 
A butane monooxygenase (pBMO) has also been characterised within the Actinobacteria 168, and 
putative hydrocarbon monooxygenases (pHMO) have been detected in environmental metagenome-
assembled genomes (MAGs) within the Deltaproteobacteria 170. Additional pHMOs within the 
CuMMO family have been detected in the Gammaproteobacteria, and appear to be capable of 
acting on short hydrocarbons such as ethane (pEMO), ethylene and propane 171,390. A subset of 
Enzyme 
family Acronym Substrate Taxonomy of protein encoding lineages 
CuMMO 
pMMO Methane Methylocystaceae, Beijerinckiaceae (Alphaproteobacteria) 
Methylococcaceae, Methylothermaceae (Gammaproteobacteria)  
Ca. Methanomirabilis oxyfera (Rokubacteria (NC10)) 
Methylacidiphilum (Verrucomicrobia) 
pHMO/ 
pBMO 
Hydrocarbons 
/ butane 
Mycobacterium spp. NBB4 & NBB3 (Actinobacteria) 
pEMO Ethane Cycloclasticus spp. (Gammaproteobacteria) 
pXMO Unknown Methylocystaceae, Beijerinckiaceae (Alphaproteobacteria) 
Methylococcaceae (Gammaproteobacteria) 
AMO Ammonia Nitrospira (Nitrospirae) 
Nitrosococcus (Gammaproteobacteria) 
Thaumarchaeota (Archaea) 
Nitrosomonas, Nitrosospira, Nitrosovibrio (Betaproteobacteria) 
SDIMO 
(sMMO) 
sMMO Methane Methylocystaceae, Beijerinckiaceae, Methyloceanibacter  
(Alphaproteobacteria) 
Methylococcaceae (Gammaproteobacteria) 
sHMO Hydrocarbons Mycobacterium spp. NBB4 & NBB3 (Actinobacteria) 
sBMO Butane Thauera butanivorans (Betaproteobacteria) 
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proteobacterial methanotrophs also possess a paralogous pMMO of unknown function, pXMO, 
encoded by a reordered operon (pxmABC)93. Further, some Methylocystaceae methanotrophs 
possess a likely high affinity isozyme of the pMMO, termed pMMO2, encoded by pmoCAB2 167. 
SDIMOs form four groups based on their subunit organization, evolutionary identities and 
substrates: the sMMO, the alkene monooxygenases, phenol hydroxylases and four component 
alkene or aromatic monooxygenases 179. The sMMO enzymes target the oxidation of methane, and 
are comprised of three components (MMOH, MMOR and MMOB). The hydroxylase component 
(MMOH 251 kDa) is a dimeric complex with three subunits, α (60.6 kDa), β (45.1 kDa) and γ (19.8 
kDa) in a (αβγ)2 arrangement and encoded by the mmoX (α) mmoY (β) and mmoZ (γ) genes 174. The 
activation of dioxygen and oxidation of methane occurs at the diiron centre of the α subunit. The 
reductase component (MMOR, 38.5 kDa) is encoded by the mmoC gene, and passes electrons to 
MMOH from NADH 174. The effector component (MMOB, 15.9 kDa), encoded by the mmoB gene, 
is required for electron transfer and substrate specificity 174. Another gene, orfY (mmoD), is required 
in sMMOs, encoding an enzyme of undetermined function, MMOD. The hypothesised functions of 
this enzyme include involvement in MMOH assembly and catalytic activity 391, as well as copper 
sensing and transcript regulation 392,393. Compared to the pMMO, microorganisms possessing the 
sMMO genes are found in a small number of characterised bacteria, including methanotrophs in the 
Gamma- and Alphaproteobacteria 392. However, the sMMO oxidise a wider range of substrates, 
including C1-C8 alkanes, alkenes and even larger substrates and contaminants such as chlorinated 
ethene, which are co-oxidised rather than used for growth 174,386. Outside of methanotrophy, the 
most evolutionary related SDIMOs to defined sMMOs have been characterised within the 
Actinobacteria and Betaproteobacteria. These include Mycobacterium sp. NBB4 and NBB3, which 
grow on C2-C4 alkanes and alkenes 394, and Thauera butanivorans, which uses C2-C9 alkanes 
395,396. 
Most methanotrophs possess both the pMMO, or the pMMO and sMMO in combination. However, 
two methanotrophic genera, Methyloferula and Methylocella, encode only the sMMO. Recently, an 
additional sMMO encoding bacteria belonging to Methyloceanibacter was isolated and 
characterised, expanding the known methanotrophs lacking pMMO 177. The sporadic distribution of 
sMMO compared to pMMO in methanotrophs, and the differences in substrate affinity and 
specificity, suggest that sMMO is likely an accessory metabolic feature gained through lateral gene 
transfer (LGT), allowing microorganisms to oxidise methane in copper limiting conditions, or use 
longer chain hydrocarbons 179,392. Interestingly, sMMO affinity for methane is lower than pMMO, 
but with a higher turnover rate, indicating an adaptation to take advantage of high methane 
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conditions 174,386,397. Methylocella spp. and Methyloceanibacter methanicus are facultative 
methanotrophs that can use alternate substrates such as acetate, ethanol 177,398, or even propane 399. 
Methyloferula cannot grow using other substrates, however, similar to all characterised pMMO-
lacking methanotrophs it prefers methanol over methane 176,177,398. This suggests that sMMO is not 
part of core ‘obligate’ methanotroph metabolism, and is instead an optional ‘module’ conferring an 
adaptive advantage 177. 
Methylotrophs, which include the more specialised methanotrophs, are microorganisms that can 
utilise single carbon (methyl) compounds for energy and carbon via distinct processes or ‘metabolic 
modules’ 90. The variety of modules, or metabolic pathways, by which methylotrophs can oxidise 
methanol and formaldehyde, and assimilate carbon, suggest that methylotrophs and methanotrophs 
are likely not limited to the known groups (Figure 1). Due to the homology of the AMO, this also 
suggests a modularity within ammonia oxidation and a potential for an evolutionary diverse 
functional guild of microorganisms, many of which could still be undiscovered.  
Metagenomics has facilitated the accumulation of vast sequencing data from the uncultivated 
majority, expanding the potential phylogenetic distribution of the methane or ammonia oxidising 
modules. This is exemplified by the discovery of a potential methanotroph in Hyphomicrobiaceae 
close to Rhodomicrobium spp. (Singleton et al. 2018), with both a pMMO and sMMO, as well as 
the recently discovered sMMO encoding Methyloceanibacter methanica 177. These findings, along 
with the discovery of AMO encoding Nitrospira 124,125, suggest that analysis of genome taxonomy, 
distribution of carbon processing modules, and phylogeny of CuMMO and sMMO genes will add to 
the evolutionary context of methanotrophy and ammonia oxidation. Based on the literature and our 
phylogenetic analysis of CuMMO and sMMO encoding genomes, here we find further support of 
the ‘de novo emergence’ hypothesis of a promiscuous CuMMO ancestor 93,180, and a LGT transfer 
of the versatile sMMO for adaptation to environmental niches 179. 
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Figure 1: Methanotrophy, methylotrophy, ammonia and hydrocarbon oxidation modules. Colours 
are linked to the genome modules in Figure 6. Light grey arrows and proteins without colours are 
included for extra context. The individual KEGG orthology groups (KOs) making up each enzyme 
or pathway are presented in Supplementary Table 1. 
Methods 
CuMMO and sMMO trees 
Protein trees were created using GeneTreeTk v0.0.10 (Parks, 
https://github.com/dparks1134/GeneTreeTk). Specifically, an amino acid sequence of the respective 
protein in HYP1 was used as a ‘seed’ in a pairwise BLAST 345 (using BLASTP-fast) against a 
database of CDS regions gathered from an annotated and dereplicated set of NCBI genomes 
(RefSeq release 80) and this thesis (Woodcroft and Singleton et al. 2018, Singleton et al. 2018, and 
Chapter 4). The percentage identify (-p) and alignment (-a) cut-offs for the hits were as follows: 
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PmoA (-p 30, -a 50), PmoB (-p 20, -a 20), PmoC (-p , -a ), MmoB (-p 30, -a 50), MmoC (-p 30, -a 
50), MmoD (-p 20, -a 20), MmoX (-p 30, -a 50), MmoY (-p 30, -a 50), MmoZ (-p 30, -a 50). The 
sequences were aligned using MAFFT v7.221 260, and columns with ˂ 50% representation were 
trimmed. Trees were built from the aligned and trimmed amino acid sequences using FastTree 
v2.1.9 245 and the LG + GAMMA evolution model 400. Trees were bootstrapped using GeneTreeTk 
‘bootstrap’ and 100x FastTree iterations. The MmoX tree initially incorporated phenol 
monooxygenase proteins, and was subset to show just classes III and IV of the SDIMOS 399. Trees 
were visualised in ARB 285, and presented using ITOL 248. The MmoD tree alignment and identity 
thresholds were reduced to 20% in order to pull in Methylocystaceae MmoD proteins. Thauera 
butanivorans and some of the Mycobacterium species possess a homologue of MmoD that has low 
identity to the standard sMMO MmoD. The MmoC tree BLASTP identified >3000 sequences, 
which were reduced to the known sMMO operon clade following the other trees using GeneTreeTk 
‘reduce’, and bootstrapped.  
Selection of microorganisms  
The representative set of microorganisms encoding a CuMMO or sMMO were gathered based on 
the genomes identified in the phylogenetic gene trees. A genome tree was created using GTDB 
v2.2.1 401 and a dereplicated set of NCBI RefSeq release 83 genomes with additional genomes 
gathered from this thesis (Woodcroft and Singleton et al. 2018, Singleton et al. 2018, and Chapter 
4). NCBI genomes were dereplicated based on identity as described in Parks et al. 2018. GTDB was 
used to perform the concatenated alignment of 120 single copy marker genes as previously 
described 284,337. The genomes were linked to the genes identified during the CuMMO and sMMO 
gene tree creation, and in certain cases additional genomes were selected for context. This occurred 
where microorganisms encoding a CuMMO or sMMO flanked a genome without either of these 
monooxygenases, or where the monooxygenase lacking microorganism was monophyletic with a 
recognised monooxygenase containing group. The lack of a monooxygenase was attributed to 
potential genome incompleteness of metagenome-assembled genomes (MAGs) in the case of UBA 
genomes 50, or gene loss as observed for Cycloclasticus. In total 237 genomes were selected for 
comparative genomic analysis of the methylotrophy modules. ARB was used to visualise the tree, 
which was imported into ITOL for further processing. FASTA files for each genome were obtained 
from GTDB, as well as nucleic acid and amino acid sequences for each gene called by prodigal 250. 
Operon structure of selected microorganisms  
The genome .fna and .gff files were imported into Artemis 402 for visualisation. The relevant section 
incorporating the sMMO operons was highlighted, subset, and then viewed in DNAPLOTTER 
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through Artemis. This file was exported as an .svg, and adapted in inkscape to be incorporated into 
Figure 5.  
Alignments of PmoC 
The trimmed alignments from the PmoC tree were imported into Jalview 403 for analysis. 
Alignments were created using MAFFT in GeneTreeTK, and trimmed if the aligned residue was not 
present in at least 50% of the sequences. 
Comparative genomics of metabolic modules 
The selected genomes were annotated against KEGG using EnrichM v0.1.7 (Boyd, 
https://github.com/geronimp/enrichM) ‘annotate’ under default settings, which produced a 
frequency matrix of the KO annotated genes for each genome. EnrichM uses DIAMOND v0.9.6 347 
BLAST of the protein sequences against the KO database (UniRef100). This matrix was subset to 
the metabolic modules of interest, specifically those involved in methanotrophy, methylotrophy and 
ammonia oxidation. The KOs and modules are listed in Supplementary Table 1. The presence or 
absence of KOs were used to decorate the ITOL tree using the addition of the ‘dataset binary’ 
template. Additional information on the CuMMOs and sMMOs, such as specificity (methane, 
ammonia, ethane etc.) was determined from the position in the tree, the closest identity sequences 
from NCBI BLASTP, and/or comparisons to sequences from recent publications (Supplementary 
Table 2) 92. Operon order of the sMMO was determined by investigating the KO annotations of the 
CDS regions from the .faa files of EnrichM (Supplementary Table 3). RuBisCO large subunit 
(CbbL/RbcL) sequences were classified into functional forms using GraftM v1.11.0 and a GraftM 
package created previously 337,404 (Supplementary Table 4). 
Lateral gene transfer via phylogenetic analysis and module comparisons 
The genome tree was used as the species phylogeny against which the individual gene trees were 
compared. Each subunit’s gene was compared against the species phylogeny in order to identify 
lateral or vertical gene transfer events. The metabolic modules were used to interrogate potential 
pathways of methane or ammonia processing for the uncharacterised genomes, or genomes not 
previously associated with methanotrophy or ammonia oxidation. Genomes with a sMMO or 
CuMMO that does not cluster near recognised groups, and with no formaldehyde, formate oxidation 
pathways or hydroxylamine dehydrogenase are suggested to be longer chain hydrocarbon oxidisers 
rather than methanotrophs or ammonia oxidisers.  
Lateral gene transfer by dinucleotide composition variation 
Compositional analysis of lateral gene transfer events were examined at the dinucleotide level using 
CompareM lgt_di (Parks, https://github.com/dparks1134/CompareM) on the gene sequences. This 
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program examines the 3rd and 1st nucleotide of each codon in a called gene, and assesses if that gene 
has a deviant signature compared to the rest of the genome following the method of Hooper and 
Berg (2002). Using the first and third nucleotide in the codon reduces the effects caused by amino-
acid and codon usage biases due to adaptations to differing environmental conditions 405. 
CompareM lgt_di was run on the modules of interest in the selected genomes. A gene was 
considered potentially a result of LGT when the ‘Manhattan distance’ and ‘Deviations from the 
mean’ measures were equally large, and if the gene was identified as potentially ‘deviant’ based on 
a high ‘Hotelling T-squared statistic’ value (values >37.97). See Supplementary Table 5 for the 
table of genes and associated LGT metrics. 
Results and Discussion 
Distribution of the CuMMOs across the Bacteria  
In order to determine the evolutionary history of the CuMMO, dereplicated genomes from NCBI 
were searched for PmoA, PmoB and PmoC sequences which were used to create phylogenetic 
protein trees. A wide distribution of phyla were found to contain CuMMOs, including the 
Actinobacteria, Deltaproteobacteria, and lineages outside of the known AMO- and pMMO-
encoding families within the Proteobacteria (Figure 2). The phylogenetic trees revealed proteins 
that clustered into distinct groups (clades) of well-characterised functional enzymes, and 
homologues of unknown specificity. The homologue clades could be tracked across the protein 
subunit trees, showing that the phylogeny of the sequences in each group are related across the 
protein subunits (Figure 2 ‘dashed lines’). One small clade of homologues found across all three 
trees (PmoA, PmoB and PmoC) includes sequences from Betaproteobacteria bacterium Ga0077526, 
Solimonas aquatica (Gammaproteobacteria), Bradyrhizobium manausense (Alphaproteobacteria), 
Burkholderiales bacterium (GenBank accession: GCA_001770905; Betaproteobacteria) 191 and 
UBA5061 (Gammaproteobacteria) (Figure 2 ‘dots’). A larger clade of homologues includes a 
second homologous copy of the PmoCAB proteins of S. aquatica and Burkholderiales bacterium, as 
well as sequences from Comamonadaceae bacterium CCH12-A10 (Betaprotebacteria), 
Hydrogenophaga sp. T4 (Betaproteobacteria) and a variety of UBA genomes from a deeply 
branching group within the Gammaproteobacteria (Figure 2) 50. Pmo sequences from Cycloclasticus 
(Gammaproteobacteria) MAGs and isolates belonged to two main clusters. One group comprises 
solely Cycloclasticus genomes, with the other group also encompassing Bradyrizobium spp. Ai1a-2 
and NAS96 and additional UBA genomes falling within or very near Cycloclasticus 
(Supplementary Figure 1). This ‘Emo’ group (for ethane monooxygenase; Figure 2 green clade) has 
greatest sequence similarity to the divergent PmoA sequences from unpublished marine isolates 
Methylococcaceae ET-HIRO and ET-SHO (57-94% identity; Supplementary Table 2). Marine 
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populations with PmoA sequences closely related to ET-HIRO and ET-SHO have been confirmed 
to use ethane and potentially propane in stable isotope labelling experiments, suggesting that the 
pMMOs of this group are used for small hydrocarbon oxidation 390. UBA2780, which was binned 
from an oil contaminated marine metagenome (SRX560108), also encodes a PmoA falling within 
the ‘Emo’ clade (Figure 2 green clade) and had 94% and 87% identity to Methylococcaceae ET-
SHO and ET-HIRO, respectively (Supplementary Table 2).  
 
Figure 2: Phylogenetic protein trees of the CuMMO components PmoA, PmoB and PmoC. Clades 
are coloured for consistency between trees and indicate the movement of the homologue clades 
(potential ethane monooxygenases (pEMO) and hydrocarbon monooxygenases (pHMO)). Coloured 
circles indicate the clades containing the protein sequences of key species. Numbers in brackets 
indicate the number of sequences collapsed into each clade. The blue box indicates the Pxm clades, 
the green box the Amo of the Betaproteobacteria and Nitrospira, and the yellow box the Pmo and 
Amo groups of the Gammaprotebacteria and Alphaproteobacteria.  
There were populations that did not fit into distinct clades, and were highly divergent from any 
known groups. These included the MAG UBA6930, assembled from a Tara oceans marine 
metagenome (ERX552287; Figure 2) 50,406, which had highest pmoA BLASTN hits to 
environmental sequences from the cluster 2 or TUSC (tropical upland soil cluster) pmoA group 
(~69% identity) (Supplementary Table 2). TUSC has been tentatively associated with methane 
oxidation, although hydrocarbon oxidation is also likely based on its position in gene trees 92. D57, 
a MAG assembled from Stordalen Mire, is also highly divergent, falling outside known clades, with 
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the closest identity to KJ410825 from cluster FWs-1a (65% identity) 92. Both of these genomes fall 
within the Deltaproteobacteria (Supplementary Figure 2). An additional deltaproteobacterial 
genome, D98, also recovered from Stordalen Mire and related to D57 (~75% AAI), encoded a 
PmoA that clustered in the predominantly actinobacterial hydrocarbon monooxygenase (pHMO) 
clade (Figure 2). The protein trees show that in all cases, the pXMO subunits fall closest to the 
AMO of the Nitrospira and betaproteobacterial ammonia oxidisers. Interestingly, the Rhizobiales 
pXMO subunits of the Methylocystaceae and Beijerinckiaceae cluster together but within the more 
numerous Methylococcales pXMO (Figure 2).  
The gammaproteobacterial AMO is more closely related to the gammaproteobacterial pMMO than 
the betaproteobacterial ammonia oxidisers 93, with the PmoB and PmoC trees showing this 
relationship most clearly (Figure 2). Nitrosococcus are marine ammonia oxidisers, and inhabit very 
different environmental niches to the predominantly soil and freshwater dwelling Nitrosomonas and 
Nitrosospira, which alongside the gene phylogenies suggests independent acquisition of ammonia 
oxidation capabilities 389,407. HYP1, HYP2 and Skermanella aerolata proteins fall basal to the 
Rhizobiales pMMO across all three trees, and well within the overarching pMMO clade 
incorporating the proteobacterial methanotrophs (Figure 2 yellow boxes).  
The PmoC tree revealed a greater diversity of sequences, substantiated by higher copy numbers 
than the other CuMMO proteins (Figure 2). The Methylocystaceae PmoC formed three well 
supported clusters, PmoC1, PmoC2 and PmoC3 (Figure 2). PmoC1 comprised the most widespread 
sequences amongst the Methylocystaceae methanotrophs, as part of the pmoCAB1 operon, as well 
as additional PmoC that were not part of any operon (referred to here as ‘orphan’ genes). The 
PmoC2 cluster comprised sequences that were part of the pmoCAB2 operon encoding pMMO2 in a 
few methanotrophs. The pMMO2 is suggested to be a high affinity isozyme of the pMMO 167. 
Finally, the third cluster, PmoC3, comprised only orphan sequences from Methylocystis spp. (M. 
bryophila, SC2, OBBP, SB2, rosea, MC1 and ATCC). A similar pattern was observed for the 
betaproteobacterial ammonia oxidisers, with Nitrosomonas and Nitrosospira AmoC1 falling within 
distinct phylogenetic clades. This group, similar to the Methylocystaceae, included orphans as well 
as AmoCs part of operons. However, an additional group (‘Nitroso C3’, Figure 2) consisted of only 
AmoC orphans from both groups, and may indicate high frequencies of LGT of AmoC between 
these genera. AmoC orphans are suggested to improve recovery after ammonia limitation, with 
AmoC3 potentially acting as a chaperone of AMO subunits to the cell membrane 408. The role of 
PmoC orphans is still unknown, however they appear to be essential to the viability of 
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methanotrophs 409,410, and are often evolutionarily conserved, suggesting that they likely play an 
important function in these microorganisms. 
The verrucomicrobial methanotrophs have multiple pmoCAB operons, with high sequence 
divergence from each other, particularly at the amino acid level 411. This is most evident for genes 
within pmoCAB3, with the amino acid sequences of PmoA3 split from PmoA1 and PmoA2, and 
situated closer to likely HMOs rather than pMMOs but with low bootstrap support (<70%; Figure 
2) 411. It is hypothesised that, much like pMMO2 in the Methylocystaceae, the different operons 
produce monooxygenases suited to different environmental conditions 411, which is supported by 
the divergence of the pmoCAB copies indicating rapid evolution due to selective pressure 411.  
Hypothesised active site alignment of PmoC with substrate distinguishing residue 151 
The active site of the CuMMOs is under continued investigation and discussion 388,389. There are 
two potential candidates, the di- or mononuclear copper site of the PmoB protein, which has low 
methane oxidation activity in a soluble form spmoB 412, and a zinc or copper site coordinated by the 
PmoC subunit found to be highly conserved across all CuMMOs 389. While site directed 
mutagenesis of the HmoB in Mycobacterium chubuense NBB4 was found to reduce activity, 
changes to the HmoC metal coordinating residues resulted in total inactivity 389. M. chubuense 
utilises small hydrocarbons including butane, propane and ethane 168. Modifications of a key 
physiologically-linked residue in the potential active site of HmoC (residue 151) was found to 
change the substrate specificity of the enzyme from propane and butane to predominantly ethane 
389. Consequently, residue 151 is hypothesised to regulate substrate preferences to the CuMMO 
enzymes 389. To investigate this hypothesis further, the distribution and variability within the 
identified CuMMO clades of isolates and MAGs was examined (Figure 3).  
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Figure 3: Potential active site alignments of PmoC building on the results from Liew et al (2014), 
with residue 151 highlighted. The phylogenetic PmoC tree shows clades 1 through to 21, which link 
to both the alignments of selected populations, and the table showing the variance in residue 151. 
The metal coordinating residues are highlighted by asterisks, and residue 151 is shown and coloured 
according to the amino acid used. The table presents the variation in amino acids at residue 151 for 
each phylogenetic cluster. 
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The known methanotrophs and Nitrosococcus nearly all encode aspartate at the residue 151 site 
(groups 2, 3, 5, 6, 8, 9, 10, 11, Figure 3). The exceptions are Verrucomicrobia PmoC3 (group 4, 
Figure 3) and one sequence in PmoC1/C2 (group 2), which have glutamate or serine, and three 
Beijerinckiaceae, which had alanine. Interestingly, the HYP1 group (7), including S. aerolata, also 
had aspartate at the site, suggesting a continuation of the strong phylogenetic signal observed for 
this wider pMMO/AMO cluster (groups 2-11) 389. However, this amino acid is not limited to strict 
methanotrophs. Aspartate is also present in the EMO group 13 Cycloclasticus sequences, and all 
sequences in group 20 (Figure 3). The betaproteobacterial and Nitrospira ammonia oxidisers 
encode serine at residue 151. Serine is also observed in the majority of Cycloclasticus group 15, as 
well as the Bradyrhizobia in EMO group 13. Interestingly, Cycloclasticus sp. 46_32_T64 has two 
PmoC sequences with different amino acids at residue 151 (aspartate or serine) also appearing in 
different clades. Similarly, S. aquatica has two PmoC homologues, with either alanine or aspartate 
(group 14 and 20, respectively; Figure 3).  
In M. chubuense NBB4, alanine was present at the site, and changing this to proline resulted in the 
substrate shift to smaller hydrocarbons 389. The wider actinobacterial group 1, including the 
Deltaproteobacteria D98, all encode alanine at this site. Finally, PxmC has predominantly proline 
except for three sequences with isoleucine belonging to Methylomonas methanica and sp. MK1. 
Previously, one of five amino acids were recognised to occupy residue 151 389, with isoleucine 
added it appears that one of six amino acids may be present at this site. This follows observances of 
strong ‘physio-phylogenetic’ signal 389, but with several exceptions. While further experimentation 
is required to confirm the effect of residue changes across the CuMMO group, this could suggest 
that there is the potential for different substrate preferences between each cluster, and even within a 
cluster. Further, closely related sequences may have different substrate use, again implicating a 
substrate promiscuous ancestor of the CuMMO enzyme. 
Distribution of the sMMOs across the Bacteria  
Compared to the CuMMOs, the distribution of the SDIMO sMMO is more limited, restricted to a 
few Actinobacteria with soluble hydrocarbon monooxygenases (sHMO), a subset of proteobacterial 
methanotrophs, and the soluble butane monooxygenase (sBMO) of Thauera butanivorans (Figure 
4). Searches of the NCBI genomes revealed two additional genomes containing sMMO 
homologues, Skermanella aerolata and Solimonas aquatica. The sMMO of S. aquatica is most 
similar to T. butanivorans sBMO across five of the six Mmo proteins (Figure 4). The MmoD/OrfY 
sequences of these two genomes were not recruited into the MmoD alignment with BLASTP, due to 
a combination of the short overall alignment of the smaller MmoD sequences, and low identities, 
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but were manually identified in the mmoXYZBCD operons (Figure 5). S. aerolata clustered with the 
Rhizobiales sMMO sequences and were monophyletic with the Beijerinckiaceae and sMMO 
recovered from HYP1 and HYP2 337. In general, the clustering of the main groups was consistent 
across all subunits. The MmoC of S. aerolata was an exception, with S. aerolata clustering away 
from HYP and alongside the Methylocystaceae with 94% bootstrap support (Figure 4). Further, the 
MmoZ of Methylocaldum sp. 175, Methylococcus capsulatus str. Bath and Texas ATCC are 
positioned outside the other alpha and gamma-proteobacterial methanotrophs (lineages 20-22 in 
Figure 4). Potentially in this group the MmoZ has responded to selection pressures differently to the 
other sequences, however more genomes will be required to determine the reason.  
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Figure 4: Phylogenetic trees of the six proteins comprising the sMMO operon, MmoX, MmoY and 
MmoZ of the hydroxylase, MmoB regulatory protein, MmoD copper switch, and MmoC reductase 
component. The sMMO of methanotrophs, sBMO of butane oxidisers (Thauera butanivorans – 
circle 7) and sHMO (Actinobacteria - orange) of other hydrocarbon oxidisers are distinctly 
represented in the clusters. MmoX, which incorporates the diiron active site, is the most conserved 
between populations, and has a high identity (>30%) to more distant monooxygenase components 
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such as the phenol monooxygenases (these more distantly related monooxygenases were omitted for 
clarity). 
Operon structure of the methane and hydrocarbon utilising sMMO  
The operon structures of the newly identified sMMOs were explored to determine if they follow the 
known ordering of hydrocarbon and methane oxidisers (Figure 5, Supplementary Table 3). Most 
genomes followed the operon ordering MmoXYBZDC, with the exceptions of M. chubuense NBB4 
and NBB3 which followed MmoXYBDCZ 394, and M. holsaticum, M. elephantis and M. sp. 
852014-51720, which lack MmoD and followed the order MmoXYBCZ. M. chubuense NBB4 and 
NBB3 were found to encode a MmoD, which was previously suggested to be absent 394. M. 
chubuense NBB3 and NBB4 also encode a CuMMO, but M. holsaticum, M. elephantis and M. sp. 
852014-51720 do not. MmoD is the hypothesised ‘copper switch’ of methanotrophs, involved in the 
regulation of the pMMO and sMMO in response to copper availability 392. The presence of a 
MmoD homologue in Actinobacteria encoding CuMMO is additional evidence for a connection 
between these enzymes, and involvement in regulation.  
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Figure 5: Operon order of selected populations, including genomes with putative sMMOs: 
Skermanella aerolata, HYP1 and Solimonas aquatica. Note MmoD sequences of S. aquatica and 
Thauera butanivorans were not revealed in the protein trees and BLAST protein modules in Figure 
4 and Figure 6, respectively, due to the short sequence and low e-values. Methylocaldum sp. 175, 
which has the divergent MmoD and MmoZ from the rest of the Methylococcales methanotrophs in 
Figure 4, is also shown.  
Three Methylomonas spp. (M. sp. MK1, M. sp. 11b and M. methanica (GCF_001644115)) and 
UBA662 (most closely related to Methylococcaceae bacterium Sn10-6, Supplementary Figure 1) 
also lacked MmoD, but followed the same operon order as the proteobacterial methanotrophs. 
Closely related populations, Methylomonas sp. LW13 and Methylomonas methanica 
(GCF_001644035) do encode MmoD, consequently the loss of this protein could indicate niche 
adaptation to stable copper availability in strains. In rare cases (only Methylocaldum sp. 175, S. 
aquatica, T. butanivorans and Methylococcus capsulatus str. Bath), the sMMO operons were 
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interrupted by other genes encoding transposases or hypothetical proteins (Figure 5, Supplementary 
Table 3).  
Distribution of metabolic modules for methane and ammonia processing 
Putative methanotrophs, hydrocarbon and ammonia oxidisers were identified based on the above 
CuMMO and sMMO protein trees in combination with the presence of downstream processing 
‘modules’ (Figure 6). Ammonia oxidisers were revealed by taxonomy, hydroxylamine 
dehydrogenase (HAO), the Calvin-Benson-Bassham (CBB) cycle (in Nitrosococcus, Nitrosomonas 
and Nitrosospira) and the absence of formaldehyde and formate oxidation pathways. Nitrosococcus 
halophilus presents an interesting exception as it encodes the lanthanide-dependent methanol 
dehydrogenase XoxF for methanol oxidation and most genes within the formaldehyde and formate 
oxidation pathways 182,413. An additional genome, Nitrosococcus wardiae, also encodes the 
tetrahydromethanopterin (H4MPT) formaldehyde oxidation pathway and methanol dehydrogease 
(genome not publicly available) 182. N. oceani and N. watsonii do not encode the H4MPT pathway, 
but have part of the glutathione dependent (GSH-linked) formaldehyde oxidation pathway 128, likely 
for the detoxification of formaldehyde produced through methane co-oxidation. However, the 
incorporation of methane derived carbon into biomass by ammonia oxidisers has been recorded, 
suggesting a more complex mechanism and an ancestral multifunction enzyme 128,181.  
UBA1147, which belongs to the Methylococcales 50, was assembled from a hydrothermal vent 
metagenome (SRX1075082). Following its environmental origin, BLASTN of the pmoA has 
highest identities to ‘deep sea cluster 5’ sequences (Supplementary Table 2). This MAG encodes 
XoxF, the H4MPT pathway, formate oxidation (though incomplete) but no ribulose monophosphate 
(RuMP) pathway or CBB carbon fixation pathway. Further, UBA1147 includes an HAO and nitrate 
reductase (NAR), similar to Methylosarcina fibrata and a Crenothrix polyspora sp. (Figure 6). This 
is an interesting combination of genes, and could indicate a methanotrophic adaptation to low 
oxygen conditions through nitrate reduction, saving oxygen for methane oxidation 20. However, if 
the formate oxidation pathway is truly incomplete and not missing due to poor assembly or MAG 
incompleteness (88.21% completeness), then one could speculate energy is being generated via 
HAO or potentially a NAR acting in reverse. It is more likely that XoxF, the H4MPT pathway, and 
HAO are for formaldehyde or hydroxylamine detoxification, due to co-oxidation. This is supported 
by the recent discovery that Methylacidiphilum fumariolicum SolV can oxidise ammonia to nitrite 
via HAO, which is encoded in all verrucomicrobial methanotroph genomes to date and likely used 
for detoxification rather than growth 312. Additional genomes are necessary to investigate this 
further, although the neighbouring MAG, UBA2778 from an oil polluted marine metagenome 
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(SRX560108), lacks a PmoCAB, but encodes XoxF, formaldehyde oxidation and both RuMP and 
the CBB cycle for carbon fixation (Supplementary Table 5), suggesting that this may be a lineage of 
unusual but related metabolisms.  
 
Figure 6: Overall tree showing the genomes examined in this study and the metabolic modules 
associated indicated by the numbers 1-12. The module numbers and squares are colour coded, 
following the module colours in Figure 1. The modules are as follows: 1 = primary methane 
oxidation, 2 and 3 = methanol dehydrogenase, 4 = hydroxylamine dehydrogenase, 5 and 6 = 
formaldehyde oxidation, 7 = formate oxidation, 8 = serine cycle, 9 = RuMP cycle, 10 = CBB cycle, 
11 = denitrification/nitrite oxidation, 12 = nitrogen fixation. Subtree of A is shown in greater detail 
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in Supplementary Figure 2, B in Supplementary Figure 3, C in Supplementary Figure 4, and D in 
Supplementary Figure 1.  
Several putative methane oxidisers were revealed, belonging to the Alpha-, Beta- and 
Gammaproteobacteria. In the Gammaproteobacteria this included S. aquatica with XoxF, GSH-
linked formaldehyde oxidation, formate oxidation and potentially fixation using the CBB cycle. In 
the Betaproteobacteria, Betaproteobacterium Ga0077526 encodes PmoCAB, XoxF, formaldehyde 
and formate oxidation, the serine and CBB cycles. Similar to UBA1147, NAR is encoded in 
combination with HAO. The Alphaproteobacteria populations included HYP1 and HYP2 337, S. 
aerolata and Bradyrhizobium spp. NAS96, Ai1a-2 and manausense. S. aerolata was isolated from 
air samples of the ‘Asian dust phenomenon’ in Korea, and grows aerobically on a range of standard 
agars but methane was not tested. Similar to the metabolically diverse HYP genomes 337, S. aerolata 
encodes both methane monooxygenases (pMMO and sMMO), the modules for methanol, 
formaldehyde (GSH-linked), and formate oxidation, with a potential for carbon fixation using the 
CBB cycle.  
The diverse metabolisms of these microorganisms do not preclude methanotrophy. Excluding the 
mixotrophic Verrucomicrobia 313, facultative methanotrophs are currently found only within the 
Rhizobiales, with some populations preferring other growth compounds, such as methanol or 
propane, over methane 306,399,414. The three Bradyrhizobium spp. encode CuMMOs (from EMO and 
homologous clades, Figure 2), but also XoxF, GSH-linked formaldehyde oxidation, formate 
oxidation and the CBB cycle. Species within the genus Bradyrhizobium can form close associations 
with legumes, providing fixed nitrogen in return for carbon compounds 415. Some methanotrophs 
are also known to form close associations with mosses, providing CO2 in return for a stable 
environmental niche and oxygen 416,417. Methanol oxidation has been recorded in Bradyrhizobium 
japonica 418, which alongside a characterised GSH-linked formaldehyde oxidation pathway, is 
compelling preliminary evidence that a LGT of the pmoCAB to these populations could enable 
metabolic expansion to methanotrophy. This would be similar to the metabolic expansion enabled 
by the likely LGT of the sMMO in Methyloceanibacter methanicus 177. 
The remaining genomes were suggested to use hydrocarbons based on the limited detection of 
methanol, hydroxylamine, formaldehyde, formate processing and carbon fixation models (Figure 6). 
This included the Actinobacteria, Hydrogenophaga sp. T4, Burkholderiales bacterium, 
Comammonadaceae bacterium, Deltaproteobacteria D98 and D57, and a number of UBA genomes 
(Supplementary Figures 1-4).  
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Compositional evidence of potential LGT 
In order to determine LGT transfer events, the phylogenetic and compositional changes in the 
methanotrophy genes were examined. At the compositional level, dinucleotide usage differences 
between pMMO/sMMO genes and the rest of the genome were only apparent in Nitrospira and 
Nitrosospira (Figure 7), which had amoCAB genes flagged as ‘deviant’, and beyond two standard 
deviations from the mean dinucleotide composition of the rest of the genome (Supplementary Table 
5). Potentially, this indicates recent LGT events, which are known to be more frequent between 
closely related species 179 such as the ammonia oxidising populations examined here. This is 
particularly apparent for the amoC of Nitrosospira, which exists in more copies than the amoA and 
amoB, with strongly deviant signatures. Surprisingly, deviant CuMMO or sMMO genes were not 
revealed in the actinobacterial genomes (except for the pmoA of Microbacterium sp. Leaf161, see 
below), or genomes with other homologues, suggesting that these are not recent events, and that 
amelioration of these regions to match the native genomes has taken place. Amelioration is the 
process through which a newly transferred gene evolves to reflect the same compositional 
characteristics of the new host genome 419. Recently transferred genes are known to evolve faster 
than the host’s core genes, and these genes are only maintained in the genome if their use is 
supported by established metabolisms 419. LGT events that are not reinforced by the wider 
metabolism or functioning of the cell are quickly lost due to ‘deletional bias’ 419,420. It is likely that 
the acquisitions of the CuMMO and sMMO genes represent older transfer events. No distinction 
between the LGT signal of the methanotrophy genes of the alpha- and gammaproteobacterial 
methanotrophs was observed, consequently this method could not determine the most likely origin 
group of the methanotrophy genes. Phylogenetic methods were more applicable to the analysis of 
older LGT events. 
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Figure 7: Identification of potential ‘deviant’ methanotrophy genes based on compositional 
changes (dinucleotide frequencies) compared to the rest of the genome. Lines indicate the means of 
the ‘deviations from the mean’ (vertical) and ‘Hotelling’s T squared statistic’ (horizontal). 
Nitrosospira and, to a lesser extent, Nitrosomonas and Nitrospira have potential recent LGTs based 
on compositional analysis. 
Phylogenetic analysis of potential LGT events 
Gene trees, species trees and presence of methane and ammonia oxidation modules were used to 
investigate the evolutionary history of the CuMMO and sMMO using a phylogenetic approach. 
Fewer populations possess the sMMO, which is more widely and sparsely distributed indicating 
frequent LGT 179. More genomes are required to determine the likely origin of this enzyme. In 
contrast, the CuMMO is concentrated amongst several clades in the Proteobacteria as AMO, 
pMMO and pHMO (including pEMO and pBMO) with varying substrate preferences, supporting an 
ancestral ‘promiscuous ammonia-methane monooxygenase’ enzyme that adapted to use a particular 
substrate over others due to existing metabolic modules 93. Within the Gammaproteobacteria, 
Nitrosococcus AMO are more closely related to the Methylococcales pMMO. Nitrosococcus and 
the gammaproteobacterial methanotrophs belong to different orders, perhaps indicating another 
LGT event, with activity determined by the downstream ammonia or methane oxidation modules. 
On the other hand, these two orders are monophyletic, suggesting vertical descent from a shared 
ancestor (Supplementary Figure 1). Of the four Nitrosococcus genomes examined, Nitrosococcus 
halophilus encodes the majority of modules required for methane oxidation, including XoxF, 
formaldehyde and formate oxidation. This likely indicates vertical inheritance from the ancestor of 
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these groups, and a residual methane processing capacity that may have been lost through deletion 
bias in the other species 182,413.  
In the species tree, Cycloclasticus falls between the Methylococcales and Nitrosococcus with low 
bootstrap support, indicating an unresolved evolutionary history. Cycloclasticus also falls within the 
Methylococcales, between the Methylothermaceae and Methylococcaceae gammaproteobacterial 
methanotrophs (Supplementary Figure 1). Most of the Cycloclasticus genomes have one or two 
pHMO homologues (Figure 2), with no modules apparent for C1 processing, suggesting that they 
are hydrocarbon oxidisers (Figure 6) 421,422. Transcriptomic and proteomic data from marine gas and 
oil seeps has shown that these microorganisms likely use short chain hydrocarbons, and not 
methane, for energy and carbon demands, oxidising ethane to ethanol and then processing this 
onwards via alcohol and aldehyde dehydrogenases (Figure 1) 422. The distribution of Cycloclasticus 
in the genome tree and environment suggests that some members have paralogous copies of pHMO 
with different affinities to substrates. One of these copies is similar to the standard methanotroph 
and Nitrosococcus pMMO and AMO, and the other more divergent to these groups, just as 
gammaproteobacterial methanotrophs have pMMO and pXMO. This suggests a gene loss event, 
and CuMMO and metabolic module adaptation to the use of readily available small hydrocarbons. 
There are currently fewer CuMMO and sMMO encoding genomes in the Alphaproteobacteria than 
Gammaproteobacteria (Supplementary Figure 1 & 3), with less diversity at the genus level 92. 
However, methylotrophy appears to be more widespread in the Alphaproteobacteria, and unlike the 
predominantly obligate gammaproteobacterial methylotrophs many alphaproteobacterial 
methylotrophs are heterotrophic or facultative with LGT derived methylotrophy modules 423,424. 
This suggests the potential for simple incorporation of methane oxidation modules in 
alphaproteobacterial methylotrophs due to functional downstream metabolisms. The recent addition 
of Methyloceanibacter (order Rhizobiales) to known methanotrophic lineages, and the addition of S. 
aerolata (Rhodospirillales) and HYP (Rhizobiales) as CuMMO and sMMO encoding 
Alphaproteobacteria, reveals the propensity of this lineage to methanotrophy. This supports the 
hypothesis of an LGT event of pMMO and pXMO from an ancestral gammaproteobacterial 
methanotroph, to an alphaproteobacterial methylotroph with the retention of this capacity in some 
lineages due to selective pressures 178. This event could have occurred at the ancestor of the 
Methylocystaceae and Beijerinckiaceae, however the CuMMO trees show the divergence of HYP 
and S. aerolata basal to these groups, suggesting LGT at the ancestor of the Rhodospirillaceae and 
Methylocystaceae, with subsequent CuMMO and methylotrophy gene loss across the Rhizobiales 
(Supplementary Figure 3). This gene loss is evidenced more recently in evolutionary time at the 
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genus level within the Beijerinckiaceae 178,413. In the case of sMMO, gene and species tree topology 
are suggestive of a LGT from the Beijerinckiaceae to HYP, S. aerolata and M. methanicus. 
Intriguingly, the currently described Beijerinckiaceae methanotrophs have either sMMO or pMMO, 
which may reflect copper availability in different niches 393, or a more obligate (pMMO only) or 
opportunistic (sMMO only) lifestyle. pMMO may have a higher affinity for methane, but sMMO 
may have a higher reaction rate or a broader substrate range to take advantage of high methane 
concentrations or other short chain hydrocarbons, respectively 386,399.  
Based on genome distribution and the clustering of alphaproteobacterial pXMO within the wider 
gammaproteobacterial pXMO group (Figure 2), pXMO may represent an early paralogous copy of 
the pMMO in the Gammaproteobacteria that has undergone neofunctionalisation. This was then 
laterally transferred to an alphaproteobacterial methanotroph, with further transfers between a few 
select members within this group. It is evident that this paralogue of unknown function is useful to 
methanotroph metabolism as it is not recorded in any genomes with AMO or pHMO homologues.  
The promiscuous CuMMO ancestor of the Methylococcales was also likely transferred to the AMO 
ancestor of the Nitrosomonadales 128,180,425, with a later LGT from Nitrosomonadales to Nitrospira 
124. HAO is suggested to follow a similar trajectory of gene transfer 425,426. The verrucomicrobial 
methanotrophs and Ca. ‘Methanomirabilis oxyfera’ may also have gained CuMMO from a 
Methylococcales ancestor through LGT 93, as their PmoA and PmoC subunits fall closest to the well 
characterised pMMO clade. However, it is also hypothesised that methane oxidation arose in these 
lineages independently of the proteobacterial methanotrophs, rather than through LGT, with gene 
duplication within the verrucomicrobial methanotrophs leading to the evolution of multiple 
isozymes (Figure 2) 411. 
LGT events, followed by gene amelioration are mostly likely for the Actinobacteria based on the 
wide distribution and distance from all methanotrophic or ammonia oxidising groups. The 
distribution of pHMO homologues within the Rhodocyclales and Burkholderales 
(Betaproteobacteria), the divergent pHMO homologues of the Bradyrhizobium 
(Alphaproteobacteria) populations and S. aquatica, are indicative of different and likely more recent 
LGT events. For the Deltaproteobacteria D57 and D98, the large differences in PmoA identity 
despite closeness in the genome tree suggests LGT rather than vertical inheritance. More genomes 
are essential to trace the movement of these homologues, and clear characterisation of the substrates 
and products of these homologous enzymes is required to determine promiscuity. Overall, the 
distinctly different positions of methanotrophs such as the Verrucomicrobia, Ca. ‘M. oxyfera’ and 
the proteobacterial methanotrophs supports the evolutionary hypothesis of a promiscuous CuMMO 
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ancestor (Figure 2). These groups are interspersed with pHMOs and AMOs, signalling divergence 
due to selective pressure, the presence of downstream processing modules, and deletion bias. 
Contamination 
Contamination of MAGs, and even isolate genomes, due to assembly and/or binning errors is a risk 
when investigating genomic potential. Contamination was identified in a Methyloceanibacter-like 
UBA4725 MAG binned from a Canadian High Arctic metagenome 42,50, which had a USCα-like 
PmoA and PmoC that were found on very short contigs. Similarly, the Actinobacteria 
Microbacterium sp. Leaf161 427 had pmoCAB genes with 100% identity to Methylocystis species, 
with pmoAB and pmoC on separated and very short contigs. Finally, another Actinobacteria from 
the same sequencing project, Rathayibacter sp. Leaf294 427, was found to have a pmoB and pmoC 
also with 100% identity to Methylocystis species. The number of genomes deposited in public 
databases is increasing hugely each year. Automatically detecting contamination in large numbers 
of genomes is a significant challenge, however filling out the Tree of Life will provide additional 
context for putative sMMO, pHMO, pMMO or AMO genomes to highlight potential contamination. 
Conclusion 
Here we show that genome-based investigations into the influx of metagenomic data in public 
databases can reveal potential facilitators of important system functions such as methanotrophy and 
ammonia oxidation. Further, the evolutionary context of these processes can be queried by tracking 
gene transfers across the expanding tree of life. In recent studies, methanotrophs and ammonia 
oxidisers were found outside the known lineages through enrichment cultures or isolation. 
Investigations into CuMMO and sMMO environmental marker gene sequences have also revealed 
clades of homologous enzymes of unknown function, divergent from well-known groups. Linking 
these environmental sequences to MAGs, or isolate genomes not tested for the use of particular 
substrates, enables substrates and function to be hypothesised based on downstream metabolic 
potential. However, the next step must be experimental confirmation. The functional 
characterisation of isolates, enrichment cultures, or the creation of expression models for key 
enzymes is essential to confirm metabolic roles in environmental systems.  
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Chapter 6 Conclusion 
The broader context 
Anthropogenic change is affecting our climate in ways we are only just beginning to understand. In 
polar regions, the temperature increase is amplified by the effects of retreating snow, water vapour, 
clouds and heat transport 428, causing permafrost in Arctic and subarctic areas to thaw at an 
unprecedented rate. Microorganisms breakdown the freshly available carbon, and mediate the 
transformation of limiting nutrients as well as the production or capture of greenhouse gases 2. 
Consequently, permafrost-associated microbial communities contribute to a global warming 
positive feedback cycle, as permafrost thaw responds to increasing temperatures caused by 
greenhouse gas accumulation 2,5. Up until recently these microorganisms were completely 
anonymous, except for a limited few isolates amenable to growth under laboratory conditions 429.  
The development of culture-independent sequencing methods enabled the profiling of these 
complex communities, through the use of the 16S rRNA gene and other marker gene amplicons 429. 
However, while it was beneficial to know ‘who’ is there, uncovering the full functional potential of 
microbial communities required analysis of genomes and metabolic pathways using metagenomics. 
The number of successfully recovered metagenome-assembled genomes has been increasing rapidly 
since the first studies in 2004 35,36, from a few genomes to thousands 50,191. However, this still 
represents a significant challenge for complex environments, such as soil, where recovery had been 
limited to <40 high-quality genomes 38,43,44. Furthermore, metagenomics studies have been limited 
in permafrost-associated systems to specific environments at a single point in time, or artificially 
thawed incubation experiments 32,38,430. 
In this thesis, the overarching aim was to examine the functional dynamics of the microbial 
communities involved in carbon, methane and nitrogen cycling across a naturally occurring 
permafrost thaw gradient (Stordalen Mire, Abisko), over space and time. This was facilitated by 
214 metagenomes and 26 metatranscriptomes and the recovery of an unprecedented number of 
metagenome-assembled genomes (MAGs). Vast genome recovery in isolation of an ecological or 
functional context has little use in answering ecological questions. Consequently, these data were 
thoroughly analysed alongside detailed biogeochemical information from this complex system, 
starting at the broader holistic level of overall processing, and narrowing down in focus to specific 
pathways.  
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Modified menus: carbon processing at the forefront of climate change 
Chapter 2 presents a large, cross-disciplinary study describing the recovery of over 1500 medium 
(>50% completeness, <10% contamination) to high-quality (>90% completion, <5% 
contamination) MAGs, focussing on those phylogenetic groups performing carbon degradation 
from complex polysaccharides to simple sugars, fermentation and methane release. This included 
the recovery of numerous populations from under-characterised phyla, such as Eremiobacteraeota, 
Dormibacteraeota, Acidobacteria and Euryarchaeota, which were linked to specific metabolic 
processes within the system. Significant changes in carbon processing were observed as thaw 
progressed from the intact palsa, to the partially-thawed bog and fully-thawed fen. Expression data, 
in the form of metatranscriptomes and metaproteomes, revealed the changes in transcript and 
protein production, showing that many populations were active and not dormant or persisting. 
Furthermore, the abundances of three specific groups, Ca. ‘Methanoflorens’, Ca. ‘Acidiflorens’ and 
Ca. ‘Changshengia’ were found to be predictive of the methane production at the site, showing the 
relevance of including microbial data in permafrost feedback and climate change models. 
The last defence: canonical and novel methanotrophs 
Chapter 3 investigated the Stordalen Mire methanotrophs, which perform the final step in carbon 
processing described in Chapter 2 by consuming methane before it is released to the atmosphere,. 
The methanotroph populations were found to change completely between sites, from primarily low 
abundance putative high-affinity methane oxidisers belonging to the Beijerinckiaceae and 
Methylocystaceae in the palsa, to predominantly facultative and variable affinity Methylocystaceae 
in the bog, and finally obligate Methylococcaceae in the highly productive fen. Metatranscriptomics 
was used to show that these populations were active, and that high population abundance did not 
necessarily indicate the highest expression of methane oxidation genes. This was demonstrated by 
the higher transcript expression of Methylococcaceae in the fen compared to Methylocystaceae in 
the bog. Thirteen methanotroph MAGs were investigated, including two genomes from the putative 
high-affinity methanotroph upland soil cluster alpha (USCα), and a novel putative methanotrophic 
Hyphomicrobiaceae population (HYP) possessing both particulate and soluble methane 
monooxygenases.Methanotroph abundances were linked to the methane concentration and isotope 
data from the site, showing that in the bog, higher methanotroph abundances reflected heavier 
methane isotopes and greater oxidation. The abundance of methanotrophs in the aerobic palsa 
environment indicates that unspoilt permafrost peatlands could act as an important methane sink by 
removing methane already in the atmosphere. Methanotrophs were also present and active in the 
hypoxic depths of the soil columns, revealing that there is much to learn about their in situ 
metabolic strategies in oxygen limited environments.  The complete change in the lineages of 
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methanotrophs and their activity suggests that these microorganisms likely respond to the selective 
pressure of the different methane levels or physical conditions of thaw stage. As more genomes are 
recovered for the methanotrophic species described here, it will become possible to investigate how 
these popultions evolve to their variable environmental conditions. 
Limiting nutrients: comammox in the natural environment  
In Chapter 4, nitrification was explored as it is an important process facilitating productivity and 
consequently underlying the carbon cycle at the site. Both ammonia and nitrite oxidisers were 
examined, as these groups control the transformation of nitrogen into varying bioavailable forms. 
This analysis revealed that comammox Nitrospira were the predominant nitrifiers, present in more 
samples than canonical ammonia and nitrite oxidisers in both palsa and fen. No confirmed nitrifiers 
were detected in the bog, likely due to the very low nitrogen availability and acidity. Clade B 
comammox, which has not been described in published literature, was found to dominate over clade 
A. Two high-quality comammox MAGs were examined using comparative genomics and compared 
to publicly available genomes, as well as several medium-quality MAGs binned from publicly 
available data. The Stordalen comammox Nitrospira were found to have unique accessory 
metabolisms, suited to the extreme cold soil environment. These populations were also found to be 
actively performing complete ammonia oxidation in the deep palsa. Overall, it appeared that 
Stordalen comammox, with its mixotrophic lifestyle, was highly suited to the limited and 
fluctuating nitrogen availability of this system. The Stordalen comammox MAGs will support 
further investigations into this remarkable lineage as representatives from a natural terrestrial 
system. 
The evolutionary history of membrane bound and diiron monooxygenases: a genome-
based approach 
Typically MAGs are examined in the context of their environment, functional potential and activity, 
providing valuable information on microbial involvement in global biogeochemical cycles. 
However, the steady accumulation of these populations, independent of time consuming and 
extremely difficult isolation efforts, also facilitates the investigation of broader evolutionary 
questions. Chapter 3 and 4 focused on methanotrophs and ammonia oxidisers, and included the 
metabolic reconstruction of novel groups encoding these metabolic functions. Consequently, in 
Chapter 5 we examined the distribution of the key enzymes involved in these processes across the 
Tree of Life using a genome-based approach. This method enabled the linking of phylogenetic 
clades of copper containing membrane-bound (CuMMO; ammonia, methane and hydrocarbon 
substrates) or soluble diiron (SDIMO; methane and hydrocarbon substrates) monooxygenase 
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systems to specific genomes, taxonomies and downstream processing modules. Isolate genomes 
were also re-examined using this approach, as methane or ammonia use may not have been tested in 
the original study. Several additional putative methane oxidisers were identified, which alongside 
recent findings and hypotheses in the literature, were used to expand ideas on the evolution of these 
enzymes, from predominantly LGT of the SDIMO, and the vertical inheritance and complex LGT 
of a substrate-promiscuous CuMMO ancestor. 
Future directions 
There are several avenues for future work that will lead to a clearer understanding of the 
microorganisms and processes at large in permafrost-associated systems, and a more informed 
prediction of the changes to come. Distinct differences in the microbial community, including the 
carbon processers, methanotrophs and nitrifiers, were observed as thaw stage progressed from palsa 
to fen, or even between depths in the soil cores. These data were accumulated over three years, from 
2010-2012, and while no clear effect of year was observed for the samples within our analyses, this 
is a central question that needs to be answered. It is important to catch the transitions from intact to 
fully thawed states as they are happening to properly understand them, independent of incubations 
or spatial heterogeneity. The IsoGenie consortium continued sampling in 2013, 2014, 2015, 2016 
and 2017, and the extra information these data leverage will go some way towards answering the 
real-time effects of climate change in these regions. The information and methodological 
foundations laid in these chapters will assist in the interrogation of new samples.  
Recording of in situ conditions as precisely as possible provides greater detail for linking microbial 
populations to the abiotic environment, and in hindsight certain measurements would have be 
valuable. For example, the use of oxygen probes to determine for certain the dissolved oxygen 
levels, defining exactly how much is available for methane, ammonia and nitrite oxidation. This 
would reveal the level of hypoxia that these microorganisms can withstand. Nitrous oxide 
measurements from Stordalen Mire could determine if levels are similar to other permafrost 
environments 7,112,115, and if more attention should be focused on tracing the flow of nitrogen. 
Expanding this to the surrounding regions of lakes and streams, and the flow of nutrients would 
show how thaw is affecting, or being affected by, the wider ecosystem. 
The in situ investigations of this thesis have revealed thousands of microorganisms that would not 
otherwise have been recovered in culture. The breadth of the community has been determined, as 
well as the functional potential and even, to a certain extent, activity. More metatranscriptomes and 
metaproteomes would reveal any significant differences in expression between the thaw stages and 
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depth. However, while metatranscriptomes and metaproteomes indicate what enzymes and 
pathways are likely being used in the system, they cannot prove the products. 
Defined and controlled experimental evidence, derived through incubations, gas chromatography, 
chemical assays, stable isotope probing and imaging are required to confirm ownership and use of 
pathways, especially in uncharacterised bacterial and archaeal lineages. This will be required to 
determine whether USC1 is oxidising atmospheric methane in the palsa or bog, and if HYP has true 
methanotrophic capabilities. This combination of approaches has been recently and elegantly 
achieved in an Antarctic desert, where trace gases derived from the atmosphere were determined to 
be the main sources of energy and most likely carbon 222. The Acidobacteria and two 
uncharacterised phyla also identified as abundant populations at Storedalen Mire, 
Eremiobacteraeota (WPS-2) and Dormibacteraeota (AD3), were implicated as the likely drivers of 
this process 222. For the methanotrophs, incubations and enrichments similar to those conducted in 
samples from the Canadian High Arctic will likely be beneficial 24,42,283. After confirmation of 
activity and use of pathways, the rates of these processes must be determined, which is a significant 
challenge for the future 431. 
Narrowing down and then characterising the primary functional guilds and process rates will 
facilitate their use in informing climate change models 431,432. Microbes underpin all 
biogeochemical cycles 431,433, yet the complexity of their involvement has so far limited their 
incorporation into system modelling. At Stordalen Mire, the abundances of Ca. ‘Methanoflorens’ 
have already been shown to improve predictions of biogeochemical parameters 28, with further 
populations identified in Chapter 2. The addition of microbial data improves accuracy in the 
modelling of soil carbon cycling 434,435, methane oxidation in permafrost-associated systems 24, and 
terrestrial methane cycling 25. No doubt more microbial drivers will be identified from the 
expanding Stordalen dataset as investigations continue.  
It is hoped that the microbial, biogeochemical and functional interpretations presented in these 
chapters will provide a strong foundation for future efforts to better understand the response of 
microorganisms to climate change, and their important roles in global biogeochemical cycles. At a 
fundamental level, the genomes and putative metabolic capabilities outlined here will further efforts 
to isolate and understand the microorganisms that take part in complex chemical transformations. 
This has enormous potential extending beyond the peatlands of northern Sweden and into the 
realms of industry, biotechnology and bioremediation.  
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Appendices 
Large tables and data files have been provided as supplementary material for the submitted and in 
preparation manuscripts, for reproducibility. These tables and files cannot be printed here for 
practical reasons, however they are available on UQ eSpace. 
Appendix A: Chapter 2 Supplementary Material 
Supplementary Figures 
 
 
Supplementary Figure 1: Relative abundance of metagenomic 16S rRNA gene reads compared to 
genome recovery rate. In a, the relative abundance of each phylum as estimated through the 
recovery of 16S rRNA gene reads is shown, averaged within each thaw stage. The 15 phyla with the 
highest relative abundance across all samples are shown. In b, the number of MAGs recovered from 
each of these phyla is plotted, showing that broadly, MAGs recovered are from lineages highest in 
abundance. 
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Supplementary Figure 2: Principal coordinates analysis of weighted UniFrac compositional 
differences between samples, based upon average coverage of each recovered genome of reads 
mapped to the dereplicated genome set. Site: brown = palsa (P), green = sphagnum/bog (S), blue = 
eriophorum/fen (E). Depth: S = surface, M = mid-depth, D = deep, X = extra-deep. Goodness of fit 
was 0.57 for PCoA 1 and 0.65 for PCoA 2. 
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Supplementary Figure 3: Relative abundances of (a) phyla and (b) classes within the 
Proteobacteria across the thaw gradient. The depth of each sample is indicated by the colour of the 
box (surface: red, mid-depth: green, deep: aqua, extra-deep purple). Each data point is the sum of 
relative abundances of all lineages assigned to the phylum in a sample after adding a 0.1% 
pseudocount to all phyla (so the y-axis is not dominated by small values visually). Boxplots are 
shown plotted on a log-scale y-axis, with phyla and classes ordered by decreasing average relative 
abundance across all samples. Relative abundance was calculated based on the fraction of the 
community with recovered genomes (see Methods). 
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Supplementary Figure 4: Quantitative PCR analysis of samples taken in 2012. The number of 
cells per gram of soil is shown for three depths at the three thaw stages, after correcting for 16S 
rRNA gene copy number variation (see Methods). Fen samples contained significantly more cells 
per gram of soil than bog and palsa samples (average 2.6×, p-value 7e-8, n=103, Mann-Whitney U 
test). 
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Supplementary Figure 5: Prevalence of individual MAGs across the thaw gradient. In a, the 
number of samples where each Stordalen MAG is present at >1% relative abundance is shown 
among each stage of the thaw gradient. Vertical red lines indicate the number of samples sequenced 
in total from that environment. Only one MAG “Deltaproteobacteria_fen_1087” was found in a 
high abundance across fen sites, detected at >1% relative abundance in 96% of fen sites. In b, the 
same information is shown stratified by depth of the sample in the soil column. The specific MAGs 
prevalent are detailed in Supplementary Table 1, showing that a small number of populations were 
prevalent at a specific depth of a specific site. 
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Supplementary Figure 6: Stordalen genomes that significantly changed in abundance with depth. 
For each site, genomes which show the largest absolute difference in abundance between shallow 
and deep samples are shown. Genomes which are more abundant in shallow samples compared to 
deep are positive, and those more abundant in deep samples relative to shallow samples are 
negative. Only those lineages with a mean absolute difference of >1% and are significantly different 
(p-value < 0.05, Mann-Whitney U test) are shown. Textual descriptions in line with each bar 
indicate the 97% dereplicated MAG which changes in relative abundance between surface and deep 
samples and the colour of each indicates the phylum the genome belongs to. The fen is less 
stratified between the surface and deep, which is reflected in the fewer population abundances 
significantly changing in abundance between shallow and deep samples. Recovered congeneric 
genomes which showed significant but inverse differential abundance between surface and deep 
samples are shown in Supplementary Data File 10. 
131 
 
132 
 
 
 
Supplementary Figure 7: Cellulase (a, b) and xylanase (c, d) gene expression across the thaw 
gradient. Samples analysed with metatranscriptomics are described by the date of sampling, core 
number and depth. In a and c, the relative contribution of each phylum to the total TPM of the 
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enzyme class observed in the metatranscriptomes is shown. In b and d, the total TPM of all 
expressed genes in the sample is charted. 
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Supplementary Figure. 8: Transcript expression of β-glucosidase genes across the thaw gradient. 
Samples analysed with metatranscriptomics are described by the date of sampling, depth and core 
number. In a, the relative contribution of each phylum to the total TPM of β-glucosidase observed 
in the metatranscriptomes is shown. In b, the total TPM of all expressed β-glucosidase genes in the 
sample is charted.  
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Supplementary Figure 9: Monosaccharide degradation pathway prevalence at Stordalen Mire. In 
a, as in Figure 3, 97% dereplicated MAGs are shown as circles (‘MAG abundance’), where the 
radius of the circle represents the average relative abundance of that genome in the palsa, bog or 
fen. In b, as in Figure 3, the total relative abundance of genomes encoding the pathway is shown 
amongst the entire community. 
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ID Gene Abbreviation 
1 aldehyde reductase akr1 
2 L-iditol 2-dehydrogenase sord 
3 xylulokinase xylB 
4 xylose reductase xr 
5 xylulose reductase  
6 xylose isomerase xylA 
7 xylose 1-dehydrogenase xdh 
8 xylonolactonase  
9 xylonate dehydratase  
10 2-dehydro-3-deoxypentonate aldolase  
11 2-dehydro-3-deoxyarabinonate dehydratase kdxD 
12 2,5-dioxopentanoate dehydrogenase araE 
13 membrane-bound glucose dehydrogenase MGDH 
 
Supplementary Figure 10: Schematic of the known xylose breakdown pathways among Bacteria, 
Archaea and Eukarya. Genes denoted with a * are those forming the oxidoreductase xylose 
degradation pathway previously only detected in fungal genomes. 
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Supplementary Figure 11: Average gene expression of xylose degradation pathways. Average 
expression of genes in the canonical bacterial xylose isomerase (a, b), oxidoreductase (c, d) and 
xylanate dehydratase pathways (e, f) are depicted across the thaw gradient. Samples analysed with 
metatranscriptomics are described by the date of sampling, core number and depth. In a, c and e, the 
relative contribution of each phylum to the total TPM of the enzyme class observed in the 
metatranscriptomes is shown. In b, d and f, the total TPM of all expressed genes in the sample is 
charted.  
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Supplementary Figure 12: Venn diagram showing how each xylose breakdown pathway is shared 
among the Stordalen Mire MAGs. Percentages represent the proportion compared to all Stordalen 
genomes encoding a xylose degradation pathway. In the metaproteomes, genomes 
Acidobacteria_bog_390, Actinobacteria_fen_455 and Actinobacteria_bog_808 expressed a protein 
specific to oxidoreductase pathways and a protein specific to the isomerase pathway. In the 
metatrascriptomes, Acidobacteria_palsa_248, Acidobacteria_bog_370, Acidobacteria_bog_390, 
Actinobacteria_fen_455, Actinobacteria_bog_586, Actinobacteria_bog_808 and 
Planctomycetes_fen_1346 expressed a protein specific to oxidoreductase pathways and a protein 
specific to the isomerase pathway. 
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Supplementary Figure 13: Total TPM of each fermentation pathway in the metatranscriptomes. 
Samples analysed with metatranscriptomics are described by the date of sampling, core number and 
depth. Pathways for acetogenesis, as well as ethanol, lactate and proprionate fermentation are 
indicated by the sub-panel headers. A breakdown of the phylum level contributions to transcript 
expression of these pathways is shown in Supplementary Figure 14. 
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Supplementary Figure 14: Transcript expression of fermentation pathways. Samples analysed 
with metatranscriptomics are described by the date of sampling, core number and depth. The 
relative contribution of each phylum to the total TPM of the pathway observed in the 
metatranscriptomes is shown. Pathways for acetogenesis, as well as ethanol, lactate and propionate 
fermentation are indicated by the sub-panel headers. Total TPM scores for each of these pathways is 
shown in Supplementary Figure 13. 
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Supplementary Figure 15: CO2 and CH4 concentrations in porewater derived from the bog and 
fen. The blue line shown is a line of best fit, forced through the origin. Dots indicate the samples, 
with colors indicating the sample depth. The concentrations are correlated, and the CH4 
concentrations are much less than the CO2 concentrations in both sites. 
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Supplementary Figure 16: Expression of methanogenesis marker gene mcrA across the thaw 
gradient. Samples analysed with metatranscriptomics are described by the date of sampling, core 
number and depth. In a, the relative contribution of each methanogenic order to the total TPM, b, of 
all mcrA genes in the metatranscriptome is shown. Metaproteomes revealed the expression of 289 
hydrogenotrophic McrA proteins across 13 samples, as well as 78 acetoclastic McrA proteins across 
eight samples (Supplementary Data File 2). 
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Supplementary Figure 17: Methanogenesis versus methanotrophy rates. Each point represents the 
average relative abundance of methanotrophs and methanogens across all samples in a single core, 
multiplied by the rate of methane generation or consumption inferred from previous culture-based 
measurements (2.345 and 20.1 fmol CH4 / hr / cell of methanogenesis and methanotrophy, 
respectively, see Methods). Inferred fluxes were calculated using relative abundance of 
methanogenic or methanotrophic lineages so rates are only intended for comparison between the x 
and y axes, rather than as an absolute measure of CH4 flux. Methanotrophy appears to mitigate a 
significant proportion of the CH4 generated in the bog sites. 
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Supplementary Figure 18: Correlation of the relative abundance of Ca. `Methanoflorens 
stordalenmirensis’ with the isotopic fractionation of methane (αC) dissolved in paired porewater 
samples taken from the bog. Previously observed in 2011 using 16S rRNA gene amplicon 
sequencing28, the correlation is confirmed here using genome-centric metagenomic techniques on 
the 2011 samples, as well as in a new year of sampling in 2012. 
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Supplementary Figure 19: Total relative abundance of the candidate phylum AD3 genus Ca. 
‘Changshengia’ correlated with the fraction of the concentration of C mineralised to CO2 versus 
CH4 in the bog porewater samples (R2 0.19, p-value = 0.001, n=51). Each point represents an 
individual sample from 2012, with its colour representing the depth in the core that the sample was 
taken from. 
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Supplementary Figure 20: Metabolic reconstruction of genomes belonging to the candidate 
phylum AD3 genus Ca. ‘Changshengia’ correlating with the CH4:CO2 concentration ratio in 
porewater from 2012 bog samples. Genomes from 4 clades within the AD3 were assembled from 
across Stordalen Mire. Phylogeny of these AD3 families are outlined in Supplementary Figure 21. 
Enzyme colour indicates the families that share that metabolic potential, as outlined in the legend on 
the left. Arrow colouring indicates whether expression was detected (red arrows) or not detected 
(black arrows) for genes encoding the enzyme in any of the 24 metatranscriptomes. Orange stars 
indicate detection of protein expression in any of the 22 metaproteomes from the Ca. 
‘Changshengia’ and related genomes. All four lineages encode the potential to oxidise glycerol 
anaerobically through glycerol transporter (glpF), glycerol kinase (glpK) and a membrane bound 
glycerol-3-phosphate dehydrogenase (glpABC), entering glycolysis via dihydroxyacetone phosphate 
processed to glyceraldehyde-3-phosphate by the triosephosphate isomerase (tpiA). Other glycerol 
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derivatives such as glycerol-3-phosphate could be imported (glpT) by this and other family 
members, and dihydroxyacetone phosphate can also be processed using the PTS-dependent 
dihydroxyacetone kinase (dhaLMK) complex. Sinks for the electrons generated from the oxidation 
of glycerol also varied between the different lineages, with Ca. ‘Changshengia’ and clade 1 having 
a H+ translocating complex I NADH:oxidoreductase, while clade 1 also has a high affinity 
cytochrome oxidase complex IV, clade 2 genomes only encode a nitrate reductase (narGHI) and 
clade 4 genomes only a fumarate reductase (sdhABCD). These differences likely lead to the 
differentiation of the niches that each lineage occupies across different sites and depths of the mire. 
Lineages were considered positive for genes or complexes based on the presence of sequences with 
80% homology in 50% of the genomes. 
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Supplementary Figure 21: Phylogenetic subtree showing the family groupings of AD3 for the 
metabolic analysis. Representative genomes from the 97%ANI dereplication are indicated in red. 
Bootstrap support is indicated at the nodes for values over 70% or 90% in grey and black, 
respectively. Blue clade indicates cluster of seven UBA and RefSeq genomes. 
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b 
 K00008; Sorbitol 
dehydrogenase (# 
genes) 
K00011; Aldehyde 
reductase 
(# genes) 
K00854; Xylulokinase 
(# genes) 
Stordalen 829 199 517 
UniProt (KEGG) 970 306 1869 
NCBI (RefSeq) 2719 2177 528 
Total 4518 2682 2914 
 
Supplementary Figure 22: a, Phylogenetic trees of each enzyme in the oxidoreductase pathway of 
xylose breakdown prevalent at Stordalen Mire. The NCBI-sourced genes were extracted from 
RefSeq v78 genomes, including all genes regardless of whether the genome encoded the full 
pathway or not. KEGG genes were sourced from UniProt, and genes from the Stordalen genomes 
were included only when the genome encoded the entire pathway. Multiple sequence alignment and 
newick format trees for the 3 genes are provided in Supplementary Data File 14 - 19. b, The number 
of genomes from each source included in each phylogenetic tree.  
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Supplementary Figure 23: Phylogenetic subtree showing the lineage groupings of Ca. 
‘Acidiflorens’ for the metabolic analysis. Ca. ‘A. stordalenmirensis’ is the bog clade, and Ca. 
‘Acidiflorens’ sp. 2 is the bog clade. Representative genomes from the 97% average nucleotide 
identity dereplication are indicated in red. Bootstrap support is indicated at the nodes for values 
over 70% or 90% in grey and black, respectively. 
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Supplementary Figure 24: Relative abundances of the 11 Ca. ‘Acidiflorens’ clades across the 
thaw gradient. The y axis is plotted on a square root scale. 
153 
 
 
Supplementary Tables 
Genome Environment Num present 
Total 
samples 
Prevalence 
(%) 
Acidobacteria_palsa_348 palsa surface 18 18 100 
Acidobacteria_bog_233 bog surface 18 19 95 
Gammaproteobacteria_bog_120
0 bog surface 18 19 95 
Actinobacteria_bog_635 bog surface 19 19 100 
Actinobacteria_bog_723 bog surface 18 19 95 
Actinobacteria_bog_766 bog surface 18 19 95 
Acidobacteria_bog_226 bog deep 19 20 95 
Acidobacteria_bog_406 bog deep 19 20 95 
Acidobacteria_fen_408 bog deep 20 20 100 
Actinobacteria_bog_808 bog deep 19 20 95 
Acidobacteria_bog_218 bog extra deep 6 6 100 
Acidobacteria_bog_226 bog extra deep 6 6 100 
Acidobacteria_bog_406 bog extra deep 6 6 100 
Acidobacteria_fen_408 bog extra deep 6 6 100 
Deltaproteobacteria_fen_1087 fen surface 22 23 96 
Euryarchaeota_fen_64 fen surface 21 23 91 
Deltaproteobacteria_fen_1087 fen mid 18 18 100 
Deltaproteobacteria_fen_1087 fen deep 21 23 91 
Euryarchaeota_fen_64 fen deep 21 23 91 
Deltaproteobacteria_fen_1087 fen extra deep 6 6 100 
Supplementary Table 1: Genomes with high prevalence in specific sites and depths. Genomes 
shown are representative genomes from the 97% dereplicated set which are present at >1% relative 
abundance in >90% of samples from the site and depth shown in the “Environment” column. The 
“Num present” column indicates the number of samples it is found in and “Total samples” indicates 
the total number of samples available for that environment. 
 Total Isomerase Oxidoreductase Weimberg/Dahms 
Number of genomes (% 
Total) 650 (42.5%) 581 (40.0%) 166 (10.9%) 2 (0.1%) 
Supplementary Table 2: Total number of Stordalen Mire MAGs encoding each xylose 
degradation pathway. 
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 A B C D E F G H 
 Xylose degradation pathway 
 I O WD X I O WD X 
Acidobacteria 80 69 2 39 22.0% 19.0% 0.5% 10.7% 
Actinobacteria 215 65 0 0 55.8% 16.9% 0.0% 0.0% 
AD3 25 1 0 0 53.2% 2.1% 0.0% 0.0% 
Alphaproteobacteria 8 3 0 0 12.9% 4.8% 0.0% 0.0% 
Armatimonadetes 2 1 0 0 100.0% 50.0% 0.0% 0.0% 
Bacteroidetes 28 0 0 1 68.3% 0.0% 0.0% 2.4% 
Bathyarchaeota 0 0 0 0 0.0% 0.0% 0.0% 0.0% 
Betaproteobacteria 1 0 0 0 7.1% 0.0% 0.0% 0.0% 
Caldiserica 5 0 0 0 83.3% 0.0% 0.0% 0.0% 
Chlamydiae 0 0 0 0 0.0% 0.0% 0.0% 0.0% 
Chloroflexi 56 20 0 0 84.8% 30.3% 0.0% 0.0% 
Cyanobacteria 2 0 0 0 100.0% 0.0% 0.0% 0.0% 
Deltaproteobacteria 26 0 0 0 28.6% 0.0% 0.0% 0.0% 
Elusimicrobia 0 0 0 0 0.0% 0.0% 0.0% 0.0% 
Euryarchaeota 0 0 0 0 0.0% 0.0% 0.0% 0.0% 
FCPU426 2 0 0 0 33.3% 0.0% 0.0% 0.0% 
Fibrobacteres 2 1 0 0 100.0% 50.0% 0.0% 0.0% 
Firmicutes 0 0 0 0 0.0% 0.0% 0.0% 0.0% 
Gammaproteobacteria 12 0 0 0 31.6% 0.0% 0.0% 0.0% 
Gemmatimonadetes 0 0 0 0 0.0% 0.0% 0.0% 0.0% 
Ignavibacteriae 31 1 0 0 62.0% 2.0% 0.0% 0.0% 
Nitrospirae 0 0 0 0 0.0% 0.0% 0.0% 0.0% 
Omnitrophica 0 0 0 0 0.0% 0.0% 0.0% 0.0% 
Patescibacteria 0 0 0 0 0.0% 0.0% 0.0% 0.0% 
Planctomycetes 19 3 0 0 86.4% 13.6% 0.0% 0.0% 
Spirochaetes 3 0 0 0 100.0% 0.0% 0.0% 0.0% 
Thaumarchaeota 0 0 0 2 0.0% 0.0% 0.0% 66.7% 
TM6 0 0 0 0 0.0% 0.0% 0.0% 0.0% 
Verrucomicrobia 63 2 0 0 62.4% 2.0% 0.0% 0.0% 
WOR_3 1 0 0 0 100.0% 0.0% 0.0% 0.0% 
WPS2 0 0 0 0 0.0% 0.0% 0.0% 0.0% 
Supplementary Table 3: Taxonomic breakdown of genomes encoding xylose breakdown 
pathways. Columns A-D show the number of genomes within each phyla (row), and columns E-H 
show the percentage of all genomes within that phyla that encode that pathway. I = isomerase 
pathway, O = oxidoreductase pathway, WD = Weimberg/Dahms pathway, X = xylonate 
dehydratase pathway. 
155 
 
 
Predictor R2 P-value 
Ca. ‘Methanoflorens 
stordalenmirensis’ 
0.38 3×10-6 
Water table depth 0.00 0.93 
pH of porewater 0.01 0.44 
Concentration of CO2 0.20 0.001 
Concentration of CH4 0.25 0.0003 
Supplementary Table 4: Results of linear regression analysis for predicting effective fractionation 
(αc) of CH4 from environmental variables and Ca. ‘Methanoflorens stordalenmirensis’ abundances 
in the bog. Ca. ‘Methanoflorens stordalenmirensis’ abundance exceeds bulk geochemical 
parameters in predicting the effective fractionation of CH4. Each line is the result of a linear 
regression of the specified measurement against the αc of CH4 in bog porewater samples taken in 
2011 and 2012 (n=47). 
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Supplementary Notes 
Supplementary Note 1 
To conservatively estimate the number of strains present at the site, raw metagenomes were 
processed with the SingleM v0.2.1 command ‘pipe’ using default parameters 
(https://github.com/wwood/singlem). The pipe command finds the abundances of discrete 
sequence-based operational taxonomic units (OTUs) directly from shotgun metagenome data, by 
aligning translated reads to a profile HMM representing a ribosomal protein. Reads completely 
covering a conserved 20 amino acid stretch of the HMM are back-translated into their respective 60 
bp nucleotide sequences and compared with each other via sequence similarity. Based on analysis 
of mock metagenome data comprised of known compositions of fully sequenced genomes436, 
roughly 90% of sequences derived from Illumina HiSeq 2000 data do not contain sequencing errors. 
Further, the 10% of reads that are incorrect for the most part do not exactly match any other other 
sequences in the dataset (i.e. they are singletons after 100% sequence identity clustering). The 
number of distinct OTU sequences detected amongst the Stordalen Mire reads from each of the 15 
ribosomal proteins was 28,610-34,700 (comprised of 75,540-85,090 total reads). The moderate 
amount of variation observed is likely due to the differential conservation of sequence between 
marker genes which results in differing resolution as well as sensitivity while searching for 
ribosomal proteins in sequencing reads. Assuming that 10% of reads are erroneous and all those 
reads are singletons, we roughly estimate the number of distinct lineages detected at the site to be 
the number of different sequences (OTUs) detected minus 10% of the total sequence count. The 
median of this estimate across the 15 ribosomal genes was calculated as 24,300 (21,060-26,190). 
After removal of 10% of the total sequence count the number of singletons comprised on average 
19% (17-21%) of the total number of reads. Since sequencing errors were already accounted for, 
this large number of singletons indicates that low abundance populations undetected by SingleM are 
present at the site and that 24,300 is an underestimate of the number of OTUs present. 
Supplementary Note 2 
To determine the fraction of the community represented in the Stordalen genomes, SingleM ‘pipe’ 
was used as in Supplementary Note 1. OTU sequences derived from the reads were compared to 
those derived from the genomes. A read-derived OTU sequence was estimated to be from the same 
genus as a recovered MAG if it shared at least 89% global sequence identity with one or more 
genome-derived OTUs, calculated using VSEARCH437. The 89% similarity cutoff was inferred 
through an analysis of IMG 4.1 isolate genomes438, where on average two species in the same genus 
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were 89% identical, in line with previous studies on average nucleotide identity439. In a minority of 
cases, a ribosomal protein was found multiple times in the same MAG due to contamination 
resulting from imperfect assembly and/or binning. To exclude the possibility of these contaminants 
inflating the overall estimate of community recovery, genes found more than once in a genome 
were excluded. The specific command used was “singlem appraise --imperfect --sequence_identity 
0.89 --metagenome_otu_tables <metagenome_otu_table> --genome_otu_tables 
<genome_otu_table>”, where <metagenome_otu_table> and <genome_otu_table> files were the 
output of “singlem pipe --otu_table” for the raw reads and MAGs, respectively. 
Supplementary Note 3 
Bulk density measurements in palsa core taken from July 2013 showed an increase in grams per 
millilitre of sample from surface to deep. Wet density increased from 0.30 g/mL in the surface 
sample to 0.50 g/mL in the deep, and dry density increased from 0.05 g/mL to 0.16 g/mL in the 
deep. 
Supplementary Note 4 
Monosaccharide degradation pathways were observed in many recovered genomes, including those 
for glucose (34%, 36% and 29% of the recovered palsa, bog and fen communities), lactose (28%, 
42% and 47%), galactose (36%, 41% and 32%), fructose (35%, 21% and 20%) and mannose (0%, 
0.1% and 7%). An overview of these degradation pathways is presented in Supplementary Figure 9. 
Supplementary Note 5 
Six pathways are known to mediate the degradation of xylose (Supplementary Figure 10). The 
‘isomerase’ pathway is found in bacteria, the Weimberg and Dahms (WD) pathways found in 
bacteria and archaea (Jackson and Nicolson 2002, Weimberg 1961, Dahms 1974), the 
‘oxidoreductase’ pathways are found in fungi and the “xylonate dehydratase” pathway characterised 
in Gluconobacter oxydans199. A smaller number of Acidobacteria only encoded xylanate 
dehydratase but not other steps in the WD pathways, suggesting they degrade xylose through a 
membrane bound glucose dehydrogenase as previously observed in Gluconobacter oxydans199. 
Concordant with the high prevalence of genomes encoding xylan degrading enzymes (37.0% of 
genomes), at least one of the degradation pathways for xylose is encoded by 42.5% of all MAGs 
(Supplementary Table 2). Of the MAGs with xylose degrading potential, 69.8% exclusively encode 
the isomerase pathway, 6.8% encode only the oxidoreductase pathway and 17.7% encode both 
(Supplementary Figure 12). The isomerase pathway was encoded by 30% of the 1000 background 
genomes but was found in 581 (38.0%) of all Stordalen Mire MAGs. While only two genomes 
encoded either of the WD pathways, 42 (2.7%) genomes were found to encode the gene for 
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xylonate dehydratase, the last common reaction shared by the Weimberg and Dahms pathways. The 
oxidoreductase xylose degradation pathway was abundant within the Stordalen Mire MAGs 
(Supplementary Table 2) and so may be an important pathway for xylose metabolism in thawing 
permafrost. Most MAGs that encode the oxidoreductase pathway also encode the isomerase 
pathway (Supplementary Figure 12), and utilize enzymes that act more generally on 
monosaccharide sugars. In both the bog and fen, genomes encoding the oxidoreductase pathway 
increased in abundance with depth (Figure 3). While MAGs from a range of phyla encoded the 
canonical xylose isomerase degradation pathway, the oxidoreductase pathway was found 
predominantly in the Acidobacteria (69 of 364 genomes), Actinobacteria (65 of 385 genomes) and 
the Chloroflexi (20 of 66 genomes) (Figure 3, Supplementary Table 3). 
In eight instances, genomes encoding both the isomerase pathway and the oxidoreductase pathway 
only expressed the oxidoreductase pathway, as evidenced by their expression of xylulokinase and at 
least one of aldehyde reductase, L-iditol 2-dehydrogenase, xylose reductase or xylulose reductase, 
but not expression of xylose isomerase. This suggests that the expression of xylose degradation 
pathways is likely to be environment-specific. 
Supplementary Note 6 
To determine the taxonomic diversity of specific lineages average amino acid identities (AAIs) 
between MAGs were calculated. The AAI between Ca. ‘Acidiflorens stordalenmirensis’ and the fen 
and palsa clades was determined to be 80-85%, where AAIs between MAGs within these clades 
were >95%. These AAI values indicate that these clades form species and strains within the Ca. 
‘Acidiflorens’ respectively439. Likewise, AAI values between the Ca. ‘Methanoflorens 
stordalenmirensis’ and Ca. ‘M. crillii’ 97% ANI dereplicated representative genomes was 89%, 
indicating these lineages form distinct species within the genus Ca. ‘Methanoflorens’. Lineages of 
the candidate phylum AD3 were analysed similarly, with all AAIs between clades 50-63% 
indicating that they were divergent at least at the family level. 
The dereplicated Ca. ‘Changshengia’ MAGs from Stordalen share AAIs of 86-91.4%, indicating 
they belong to the same genus. These populations have AAIs of 77-78.6% with the two most 
closely related publically available MAGs, UBA8260 and UBA12275 (Figure 2), binned from peat 
bog samples (SRA samples SRX461673 and SRX461727)50, suggesting that these MAGs also fall 
within the Ca. ‘Changshengia’. 
Supplementary Note 7 
There were 11 clades detected within the Ca. ‘Acidiflorens’ genus (Supplementary Figure 23). 
Predicted substrates for these clades include plant materials such as xylan and fructose, aromatic 
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compounds, oxalic acid, fatty acids, fermentation end products like glycerol, lactate and formate, 
and also nitrate, nitrite and sulfate. Spatial separation of the 11 Ca. ‘Acidiflorens’ groupings was 
observed across the thawing stages and sample depths (Supplementary Figure 24). 
Five of the 11 clades (clades 1, 9-11 and Ca. ‘Acidiflorens’ sp. 3) were observed primarily in palsa 
samples (Supplementary Figure 24), varying in relative abundance with depth. Four of these five 
‘palsa’ clades (clades 1, 9, 10 and 11) appear to have metabolisms including β-oxidation, aromatic 
compound degradation and oxalate oxidation. Ca. ‘Acidiflorens’ sp. 3 appears to have the capability 
for nitrate (narGHI) and nitrite (nirAB) reduction. 
In the bog and fen, Ca. ‘Acidiflorens’ clades 2, 3, 7, Ca. ‘Acidiflorens’ sp. 2 and Ca. ‘Acidiflorens 
stordalenmirensis’ were observed. Both clades 2 and 7 encode a β-oxidation pathway, but where 
clade 2 is observed at high relative abundance in the surface and mid-depth samples of the bog, 
clade 7 was found more abundant in deep and extra deep samples. Clade 3 genomes encoded 
arabinose and xylose fermentation pathways and were more abundant in the surface and mid-depths 
of the bog and fen. Ca. ‘Acidoflorens’ sp. 2 and Ca. ‘A. stordalenmirensis’ both utilise fumarate 
addition for degradation of aromatic compounds (Figure 4). Clade 8 is present in deeper samples at 
lower relative abundance across all three thaw stages and is predicted to use nitrate as an electron 
acceptor. 
Ca. ‘A. stordalenmirensis’ and other Ca. ‘Acidiflorens’ clades have the ability to degrade xylan, 
based on the presence of β-1,4-xylanase genes, and utilise xylose as an energy source (xylAB, ack, 
xpkA) forming glyceraldehyde-3-phosphate which feeds into the glycolytic pathway. All Ca. 
‘Acidiflorens’ clades encode cyctochrome-c (cytABCD) and high affinity cytochrome-bd oxidases 
(cbdAB) and are predicted to exist in aerobic and microaerobic conditions. Ca. ‘A. 
stordalenmirensis’, the Ca. ‘Acidiflorens’ clade that with the strongest correlation in relative 
abundance with Ca. ‘Methanoflorens stordalenmirensis’, is the only Acidiflorens clade predicted to 
metabolise fructose. It is likely that Ca. ‘Methanoflorens stordalenmirensis’ consumes hydrogen 
produced by NADH-oxidising NiFe (Complex IV and hox) hydrogenases present in the Ca. ‘A. 
stordalenmirensis’ genomes. Other hydrogenases found in the Ca. ‘A. stordalenmirensis’ genomes 
include hydrogen formate lyase and formate dehydrogenase. Surprisingly, Ca. ‘A. 
stordalenmirensis’ and 5 of the other Ca. ‘Acidiflorens’ clades have dissimilatory sulfite reductase 
genes (dsrAB) cluster with genes from the environmental supercluster 1440. The presence of genes 
for apr, sat, and dsrMJKOP suggests that sulfur metabolism is linked to electron transport in these 
populations. Although qmoABC genes are not present, genes for heterodisulfide reductase (hdrABC) 
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may substitute this complex, given its similarities in structure, to reduce sulfate to sulfite providing 
an electron sink under anaerobic conditions.  
Supplementary data 
Supplementary Data File 1 
Details about each sample included in this study. 
Supplementary Data File 2 
Proteins identified as expressed through metaproteomics, including the sample, the name of each 
protein, where the first 3 elements in snake case refer to the genome, and the final number refers to 
the protein ID within that genome, peptide and assigned annotation (KEGG orthology group or 
hydrolysis enzyme annotation). 
Supplementary Data File 3 
Characteristics of recovered MAGs. 
Supplementary Data File 4 
Bacterial genome tree (newick format) created from the concatenated alignment of 120 Bacteria 
specific single copy marker genes derived from NCBI bacterial genomes, UBA genomes, and the 
Stordalen bacterial MAGs, bootstrapped 100×. The multiple sequence alignment used to generate 
this tree is presented in Supplementary Data File 11. 
Supplementary Data File 5 
Archaeal genome tree (newick format) created from the concatenated alignment of 122 Archaea 
specific single copy marker genes derived from NCBI archaeal genomes, UBA genomes, and the 
Stordalen archaeal MAGs, bootstrapped 100×. The multiple sequence alignment used to generate 
this tree is presented in Supplementary Data File 9. 
Supplementary Data File 6 
Abundances of representative lineages across the thaw gradient. Each column represents the relative 
abundance of a lineage in a particular sample. The column 'coverage' indicates the trimmed mean 
pileup (BamM 'tpmean') coverage of reads, 'relative_abundance' represents the fraction of the total 
community that lineage is estimated to represent, and 'relative_abundance_of_recovered' represents 
the fraction of the recovered part of the community that genome represents. 
Supplementary Data File 7 
Pathways encoded by each MAG detected through automated methods. 
Supplementary Data File 8 
Geochemical characteristics measured at each site. 
Supplementary Data File 9 
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Multiple sequence alignment used to generate the archaeal phylogenetic tree presented in 
Supplementary Data File 5. 
Supplementary Data File 10 
Congeneric genomes which show significant differential abundance between surface and deep 
samples. 
Supplementary Data File 11 
Multiple sequence alignment used to generate the bacterial phylogenetic tree presented in 
Supplementary Data File 4. 
Supplementary Data File 12 
Copyrighter database of the GreenGenes 2013 taxonomy. 
Supplementary Data File 13 
Custom KEGG module definitions used to define metabolic pathways assigned to each MAG. 
Supplementary Data File 14 
Multiple sequence alignment used to generate the aldehyde reductase (K00011) tree presented in 
Supplementary Figure 22. 
Supplementary Data File 15 
Aldehyde reductase (K00011) gene tree (newick format) created using FastTree from the multiple 
sequence alignment in Supplementary Data File 14 and presented in Supplementary Figure 22. 
Supplementary Data File 16 
Multiple sequence alignment used to generate the sorbitol dehydrogenase (K00008) tree presented 
in Supplementary Figure 22. 
Supplementary Data File 17 
Sorbitol dehydrogenase (K00008) gene tree (newick format) created using FastTree from the 
multiple sequence alignment in Supplementary Data File 16 and presented in Supplementary Figure 
22. 
Supplementary Data File 18 
Multiple sequence alignment used to generate the xylulokinase (K00854) tree presented in 
Supplementary Figure 22. 
Supplementary Data File 19 
Xylulokinase (K00854) gene tree (newick format) created using FastTree from the multiple 
sequence alignment in Supplementary Data File 18 and presented in Supplementary Figure 22. 
Supplementary Data File 20 
Proteins used in the proteomics search. After the contaminant entries, each entry in the FASTA file 
consists of the name of each protein, where the first 3 elements in snake case refer to the genome, 
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and the final number refers to the protein ID within that genome. Where proteins were identical 
after conversion of isoleucine residues to leucine, each protein is identified in the entry's header, 
space separated. 
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Appendix B: Chapter 3 Supplementary Material 
Full materials and methods 
Study Site, sampling, DNA and RNA extractions 
Sampling of the thaw chronosequence at Stordalen Mire (68°21’N, 19°03’E, 359m a.s.l.), porewater 
and methane flux measurements, and nucleotide extractions were conducted as previously described 
28,31,206. However, additional samples were taken in 2012, following the same procedure as previous 
years 28,31,206,284. DNA and RNA were extracted from ~10g of samples using a modified PowerMax 
Total Nucleic Acid extraction kit (MoBio) as detailed previously 28,31,206. DNA and RNA were 
quantified using Qubit (ThermoFisher), and quality checked using gel electrophoresis.  
Metagenome and metatranscriptome sequencing 
Metagenome sequencing was performed for 2011 and 2012 using 100ng of the DNA in TruSeq 
Nano (Illumina) library preparation. For low DNA samples, libraries were created using 1ng of 
DNA with the Nextera XT DNA Sample Preparation Kit. 2012 libraries were sequenced on 1/12th 
of an Illumina HiSeq2000 lane producing 100bp paired-end reads, although some 2012 and 2011 
samples were selected for deeper sequencing. Libraries from 2011 were sequenced 1/24th of an 
Illumina NextSeq, producing 150bp paired-end reads. See Woodcroft et al. (2018, submitted) for 
details of library preparation kit, sequencing machine and sequencing depth per sample. 
Metatranscriptome sequencing was performed for select 2010, 2011 and 2012 samples using 240ng 
of RNA in the ScriptSeq Complete (Bacteria) low-input library preparation kit with Ribo-Zero 
rRNA removal prior to library creation (Epicentre, WI). Samples were selected based on their RNA 
profiles using gel electrophoresis, TapeStation 2200 and Bioanalyser 2100 (Agilent, CA), requiring 
distinct peaks at the 16S and 23S rRNA regions. Calculated RIN values averaged 5.9. These 
samples were run on 1/8th of an Illumina NextSeq lane, with initial shallow runs conducted on 
1/11th of a HiSeq (Illumina) and MiSeq (Illumina) lane. See Supplementary Table 10 for details of 
RNA sequencing data. 
Genome assembly, binning and annotation 
All methanotroph population bins were within the set of 1529 bins recovered in Woodcroft et al. 
(2018, submitted), except MB1. Briefly, each of the 214 metagenomes was assembled individually 
using CLC Genomics Workbench version 4.4 (QIAGEN, CA). BamM (Imelfort and Lamberton et 
al., unpublished, http://ecogenomics.github.io/BamM) v1.3.8-1.5.0 was used to map the reads from 
each environment (palsa, bog or fen) to the individual samples. All fen sites were mapped to each 
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individual fen assembly, all bog to each bog assembly, and all palsa to each palsa assembly. 
Differential coverage binning was conducted with MetaBAT 46 v3127e20aa4e7 using the individual 
metagenome assemblies and the associated mapping files for coverage information. Population 
genome MB1 was derived from a co-assembly of 78 palsa samples. Assembly of these samples was 
conducted using CLC bio’s de novo assembler (QIAGEN, CA), mapping was conducted using 
BamM (v1.3.8-1.50), and differential coverage binning was conducted using MetaBAT 46 
v3127e20aa4e7 using a 3000bp contig cut-off. CheckM 241 v1.0.4 determined completeness and 
contamination of the population genome bins through the identification and quantification of 
lineage-specific single copy marker genes following the lineage workflow (lineage_wf). PROKKA 
250 v1.11 annotated the 13 identified methanotroph population genomes with >70% completeness 
and <10% contamination. PROKKA was run using the --metagenome and --rfam parameters, and 
produced .gff files to be used in transcript expression analysis.  
Genome bins were placed in a reference genome tree containing genomes from NCBI (database 
2015-11-27) for taxonomic classification and evolutionary analysis using an in-house pipeline, the 
Genome Taxonomy Database, GTDB v0.0.3 (Chaumeil & Parks, unpublished, 
https://github.com/Ecogenomics/GTDBNCBI, http://gtdb.ecogenomic.org). The concatenated 
alignment of a bacterial set of 120 single copy marker genes was used as a basis for FastTree 245 
v2.1.7 tree building using the approximately maximum likelihood method. The resulting genome 
tree, which included over 20000 genomes was reduced to the sets of interest, and genometreetk 
v0.0.18 ‘bootstrap’ (Parks, https://github.com/dparks1134/GenomeTreeTk) calculated bootstrap 
support from 100x FastTree iterations. ARB 285 v6.0.6 was used to visualise the tree, and ITOL 248 
was used to refine, with additional cosmetic amendments made in Inkscape (http://inkscape.org). 
Supplementary Table 20 provides information on the number of missing or multiple single copy 
marker genes that were not included in the concatenated alignments due to possible contamination. 
Supplementary Table 21 shows the marker genes investigated, and their prevalence across the 
genomes used to make the tree. Supplementary Figure 4 was created using GTDB v2.1.16 and 
NCBI RefSeq release 80. 
To calculate the relative abundance of each genome in each lineage, reads from each sample were 
mapped to a set of 647 dereplicated genomes from the site (Woodcroft et al. 2018, submitted) 
concatenated with the MB1 genome recovered from the palsa co-assembly, using BamM “make”. 
Low quality mappings were removed with BamM v1.7.3 “filter” (minimum identity 95%, minimum 
aligned length 75% of each read) and the coverage of each contig calculated with BamM “parse” 
using “tpmean” mode, so calculating the coverage as the mean of the number of reads aligned to 
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each position, after removing the highest 10% and lowest 10% of positions. The coverage of each 
population genome was calculated as the average of contig coverages, weighting each contig by its 
length in base pairs.  
The relative abundance of each genome in each sample was calculated in two steps. First, the 
relative abundance within the set of dereplicated genomes was calculated through the ratio of 
genome-wise coverages. Secondly, the average total coverage of genomes not in the dereplicated 
set was estimated by assuming the rate of recovery was proportional to the ratio of mapped reads to 
total (mapped and unmapped) reads. The reported relative abundance is then the abundance of each 
lineage within the total community. Results are in Supplementary Table 8. 
Methane monooxygenase Mingle protein trees, GraftM package creation and assembly searching 
The gene-centric methanotroph analysis using pmoCAB and mmoX was conducted using Mingle 
v0.0.10 (Parks et al., unpublished, https://github.com/Ecogenomics/mingle) and GraftM v0.8.1 
(Boyd et al., unpublished, https://github.com/geronimp/graftM). Representative protein sequences 
of these genes were provided to Mingle as queries, which were then used in a pairwise BLAST 291 
of a database of CDS regions from dereplicated and annotated genomes from IMG 441 (IMG release 
4.1) to identify protein homologues. Mingle uses FastTree 245 and the WAG + GAMMA model to 
infer an approximately maximum likelihood protein tree of the sequences. The resultant protein 
trees were then manually annotated into functional clades using ARB 285. The methanotrophy 
protein sequences, and the resulting annotated trees were used as input for the function ‘graftM 
create’ producing GraftM packages by creating hidden Markov models (HMMs) from an alignment 
of the sequences. GraftM ‘graft’ then used this annotated tree for classification based on query read 
placement of translated reads. These original GraftM packages were run on the individual 
metagenome assemblies to pull out the methanotrophy proteins in order to create improved GraftM 
packages better-suited to identifying Stordalen methanotrophs, and particularly the novel USCα and 
HYP1 genes. The protein trees were then remade for phylogenetic analysis using Mingle and 
incorporating the identified Stordalen contigs, a selection of sequences greater than 160aa translated 
from gene sequences compiled in Knief (2015) , along with the contigs for novel gene groups from 
Lau et al. (2015), Ricke et al. (2005) and He et al. (2015) when applicable (Supplementary Tables 
12, 13, 14 and 15). Mingle ‘bootstrap’ was used to determine bootstrap support for the clades using 
100 replicates. Trees were visualised in ARB, with extra groups removed when necessary for ease 
of visualisation, keeping isolate proteins as well as representative environmental sequences falling 
closest to the Stordalen proteins. The reduced trees were then viewed and refined using ITOL 248, 
with final refinement using Inkscape (http://inkscape.org). Additional protein trees for MxaF/XoxF, 
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RuBisCO (CbbL/RbcL) and NifH were created as above using Mingle, NCBI seed sequences and 
the IMG release 4.1 database and guided by the literature (Supplementary Tables 16, 17 and 18). 
GraftM packages were created from these protein trees and used to investigate the genes within the 
metagenomes and metatranscriptomes, as well as population genomes. For classification of proteins 
encoded in population genomes, BLASTP 291 was used to validate annotation of the queried gene 
sequence detected by GraftM.  
MAFFT 260 was used to perform the sequence alignments for Supplementary Figure 2, with Jalview 
used to view the alignments 403. 
Metatranscriptomic read processing 
Metatranscriptomes were processed using part of the TranscriptM (Frouin et al., unpublished, 
https://github.com/elfrouin/transcriptM) pipeline. First the files originating from the same 
metatranscriptome libraries were concatenated. For example, 22 metatranscriptome libraries were 
run on either a HiSeq (Illumina) or MiSeq (Illumina) in order to investigate library quality before 
deeper sequencing on a NextSeq (Illumina). Trimmomatic 287 trimmed raw reads, and quality score 
information was determined using FastQC 442. PhiX contamination was removed by mapping using 
BamM, and then removing reads that aligned to the PhiX genome. SortMeRNA 288 removed non-
coding RNA sequences, including tRNA, tmRNA, 5S, 16S, 18S, 23S, 28S. The resulting cleaned 
mRNA served two functions. The total mRNA sequences were first used to normalise GraftM data 
results. GraftM is designed to work on short reads over 100bp, and so was run on the untrimmed 
raw metatranscriptome data. However, the raw data has varying percentages of rRNA 
contamination due to sample-dependent efficiency of the Ribo-Zero rRNA removal process within 
the ScriptSeq library preparation. In silico data cleaning allowed normalisation for rRNA 
contamination. Secondly, the total mRNA sequences were mapped using BamM (v1.3.8-1.50) 
‘make’, and then BamM ‘filter’ for stringent filtering (97% identity across 95% of the reads) against 
a concatenated file of the methanotroph genomes. Dirseq v0.0.2 (Woodcroft et al., unpublished, 
https://github.com/wwood/dirseq) (parameter --ignore-directions) determined the average coverage 
of the methanotroph genes, using both the filtered bam files and the PROKKA annotations in the 
.gff files as input. 
Metatranscriptome expression per genome for each sample was calculated using ‘BamM parse -m 
counts’ as the number of cleaned reads (both paired and single), that mapped to the methanotroph 
population genomes, divided by the total number of cleaned reads. The raw results are presented in 
Supplementary Table 7. 
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GraftM community profiling of the raw metagenomes, metatranscriptomes and NCBI nr and 
NCBI Sequence Read Archive (SRA) 
The improved pmoA and mmoX GraftM gene packages were run on the raw metagenomes and 
metatranscriptomes, which were trimmed to 100bp in order to normalise read lengths from the 
different sequencing platforms (NextSeq, HiSeq, MiSeq), using GraftM v0.9.3 ‘graft’. The resulting 
read counts per sample were normalised by the total library size in the metagenomes, or the cleaned 
mRNA sequence count for the metatranscriptomes. These counts were then normalised by the 
HMM length, due to the differences in HMM length between the pmoA and mmoX genes, so that 
gene abundances representing methanotroph populations could be compared. R 249 and RStudio 269 
were used for heatmap and bar chart production from the count data. GraftM ‘graft’ was run on the 
NCBI nr database (downloaded in February 2016), and 24,636 SRA files (including amplicon and 
metagenome files, downloaded in March 2017) in order to determine the geographic distribution of 
the HYP1 pmoA genes. Where possible, GNU parallel 240 was used to speed data processing. 
Biogeochemical analysis  
The abundance data of the methanotrophy genes derived from the metagenomes (see above) was 
averaged across sampling dates into 5 or 10 cm depth categories and compared to porewater 
biogeochemical data collected onsite at the time of sampling, except for the palsa site, which lacked 
porewater. Measurements included dissolved methane (mM), and methane isotope data (δ13C-CH4), 
following the same procedure as previously described 28,206. Less negative δ13C-CH4 values indicate 
more of the heavier 13C isotope, which can result from discrimination against heavier CH4 by 
actively oxidising methanotrophs. At the bog and fen sites, methanotroph abundances were also 
compared to the seasonal water table record for the site (June – August, 2010-2012). The percent 
time that each depth category spends below the water table was calculated from manual water table 
measurements made 3-5 times per week during the sampling season. Further details are in 
Supplementary Table 9. Sulphate concentrations were measured by ion chromatography on a 
Dionex ICS-1100 fitted with a 4-mm IonPac AS22 column, with an eluent of 4.5 mM carbonate/1.4 
mM bicarbonate and a flow rate of 1.2 mL/min. These measurements were conducted at Florida 
State University (Tallahassee, FL, USA) and details are presented in Supplementary Table 5. 
Correlations of methanotroph abundances to water table depth, statistical differences in sulphur 
concentrations and methanotroph community composition between sites were conducted using 
ANOVA and paired t-tests in R 249. Investigations into changes in community composition by 
month and year were not significant. This is in part due to the overwhelming environmental signal, 
driven by differences in pH and water saturation. Further, the microbial communities from triplicate 
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cores taken from the same environment at the same time vary greatly, resulting from the high 
heterogeneity of soil environments. The microbial communities and soil characteristics also vary 
greatly between depths 284. Additional sampling over several more years will likely answer 
questions regarding temporal change. The 24 metatranscriptomes are from across the three 
environments and a range of depths, cores, months and years. Consequently, due to the variation 
and limited sample size they cannot be robustly correlated to biogeochemical or temporal data, and 
were not used for this purpose. 
Methanotroph population metabolism reconstruction and AAI 
Metabolic reconstructions were facilitated using PROKKA 250 annotations, as well as submission 
through the IMG ER genome annotation pipeline 289. In house pipelines were used to blast the 
coding regions of each genome to the Kyoto Encyclopedia of Genes and Genomes (KEGG) 
Orthology database 290, and key methanotrophy and other metabolic genes were highlighted for 
incorporation into the metabolic models. Where functional capacity was ambiguous, such as for the 
xoxF, RuBisCO (rbcL/cbbL) and nifH genes, the proteins were extracted and used as query 
sequences for Mingle as described above. Using the literature as a basis, the resulting phylogenetic 
protein trees and protein placement indicated functional or non-functional forms. Hydrogenases 
were found and annotated using HydDB 292. Metabolic models were created in Inkscape 
(http://inkscape.org). Average amino acid identity (AAI) facilitated evolutionary distance 
comparisons with the closest cultured isolates, or between Stordalen genomes. AAI was determined 
using the CompareM (Parks et al., unpublished, https://github.com/dparks1134/CompareM) v0.0.17 
‘aai_wf’ on the genome bins, and genomes derived from IMG. ANI was determined using 
calculate_ani.py (Pritchard, unpublished, https://github.com/widdowquinn/scripts). 
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Supplementary Figures 
 
 
Supplementary Figure 1: Venn diagram showing similarity between the Methylocystis MC1 
populations (pangenome). Very few orthologous clusters appear in only one of the genomes, 
indicating that all six genomes are from the same, or very similar, populations. Clustering of 
orthologous sequences and the resulting Venn diagram were produced using OrthoVenn 443. 
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Supplementary Figure 2: Phylogenetic PmoB/PmoC protein maximum likelihood trees indicating 
the placement of methanotroph clades for comparison with PmoA. Clade HYP1 is consistently near 
the overall alphaproteobacterial clade containing the Methylocystaceae and Beijerinckiaceae. The 
USCα clade shows positioning of the Stordalen proteins close to the proteins derived from Ricke et 
al. (2005) and Lau et al. (2015). 
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Supplementary Figure 3: Coverage profiles of HYP1 (a) and an additional medium quality 
population genome bin, HYP2 (b). Bin coverages in the top two samples were selected for plotting. 
Each point represents a contig, and the size of the contig indicates the length. The colours represent 
contigs that encode key genes of interest. Both HYP1 and HYP2 encode the particulate methane 
monooxygenase genes (pmoCAB), the soluble methane monooxygenase genes (mmoXYZBCD), 
dissimilatory sulphite reductase genes (drsAB), nitrogenase genes (nifHDK), ribulose bisphosphate 
carboxylase form II (cbbM), carbon monoxide dehydrogenase genes (coxLMS), and methanol 
dehydrogenase and formaldehyde oxidation genes (xoxF, gfa, frmAB). 
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Supplementary Figure 4: Phylogenetic genome tree showing the relationship of HYP2 to HYP1 
(orange box), created from the concatenated alignment of 120 single copy marker genes. HYP1 and 
HYP2 population genomes fall closest to the Rhodomicrobium, with strong bootstrap support, and 
are likely separate species. See Supplementary Table 20 for information on the exact number of 
single copy marker genes not included in the alignment due to incompleteness or multiple copies. 
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Supplementary Figure 5: Soluble methane monooxygenase MmoX maximum likelihood tree 
showing the novel MmoX outgroup basal to the Beijerinckiaceae, which is recovered in HYP1 
(contig_97228). Proteins linked to population genomes recovered are indicated by asterisks. 
 
Supplementary Figure 6: Soluble methane monooxygenase MmoX protein alignment showing the 
iron coordinating residues (red asterisks: E114, E144, H147, E209, E243, H246) forming the diiron 
centre active site are highly conserved for the ‘novel smo’ group (contig 97228 from HYP1 (black 
asterisk), and contigs 829334, 433660 and 401138) 444,445. Sequences follow the same order as 
Supplementary Figure 5. 
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Supplementary Figure 7: Detailed overview of the metabolic pathways recovered from the 
alphaproteobacterial methanotroph HYP1, USC1 and MC1 population genomes. Genes in black are 
present in all genomes. Genes in grey are present in a subset of genomes, which are indicated by 
adjacent coloured boxes. Grey genes with grey dotted lines indicate genes or pathways missing in 
all genomes. The alphaproteobacterial methanotrophs have broad metabolic potentials indicating a 
facultative approach to methanotrophy. Genes and KEGG orthology (KO) numbers present in the 
figure are described in Supplementary Table 3. 
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a 
 
b 
Name BLASTP annotation % id % aln top BLAST hit 
1 DGQHR domain-containing protein 74 100 Rhodobacteraceae 
(WP_076979667.1) 
2 quinoprotein dehydrogenase-
associated putative ABC transporter 
substrate-binding protein 
69 84 Bradyrhizobium sp. 
URHA0002 
(WP_027537568.1) 
3 c-type cytochrome methanol 
metabolism-related 
61 98 Bradyrhizobium erythrophlei 
(SHN86602.1) 
xoxF5 PQQ-dependent dehydrogenase, 
methanol/ethanol family 
79 99 Methyloferula stellata 
(WP_026595326.1) 
frmA S-(hydroxymethyl)glutathione 
dehydrogenase/class III alcohol 
dehydrogenase 
89 100 Unclassified Rhizobiales 
(WP_092639575.1) 
frmB S-formylglutathione hydrolase 78 97 Microvirga guangxiensis 
(WP_091133056.1) 
4 pentapeptide repeat-containing 
protein 
62 93 Methylocapsa acidiphila 
(WP_026606243.1) 
gfa S-(hydroxymethyl)glutathione 
synthase 
74 98 Dongia sp. URHE0060 
(WP_028096772.1) 
hyp Hypothetical protein 41 99 Rhizobium 
(WP_062576531.1) 
Supplementary Figure 8: Colocation of the methanol and formaldehyde oxidation genes in HYP1. 
The ordering of the genes is indicated in a (purple arrows indicate methanol oxidation, red arrows 
indicate formaldehyde oxidation, grey arrows are not relevant to the pathways examined). The 
annotation and best BLASTP hits are indicated in the table b. The quinoprotein dehydrogenase-
associated putative ABC transporter is likely a periplasmic binding protein encoded by xoxJ, and 
the c-type cytochrome is likely xoxG and works as an electron acceptor during oxidation of 
methanol 303. The adjacency of these genes has been noted in several methylotrophs within the 
Alphaproteobacteria 299,303. 
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Supplementary Figure 9: MxaF and XoxF protein tree including the more distant homologues 
AdhI, AdhII and Gdh as outgroups. Numbers in brackets indicate number of proteins collapsed 
within the associated cluster. The Hyphomicrobiaceae-like population XoxF5 falls just outside the 
Rhizobiales methanotroph group. XoxF5 clade is simplified for the figure, and indicated by the 
yellow shading. Bootstrap support >70% is indicated by the black circles. A GraftM package 
created from this tree was used to classify the mxaF and xoxF gene sequences of the other 
population genomes, as well as xoxF and mxaF abundance in the metatranscriptomes 
(Supplementary Figure 13). 
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Supplementary Figure 10: RuBisCO large subunit (CbbL) protein tree indicating the clades of 
form I-IV. Numbers in brackets indicate number of genes collapsed within the associated cluster. 
Form IV and form II clades containing HYP1 RLP and form II sequences are indicated in orange. 
Bootstrap support >70% is indicated by the black circles. A GraftM package created from this tree 
was used to classify the RuBisCO gene sequences of the other population genomes.  
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Supplementary Figure 11: Syntenous Calvin cycle genes of USC1, encoding ribulose-
bisphosphate carboxylase large and small chains indicated in green (cbbL, cbbS), fructose 1,6 
bisphosphatase (fbp), phosphoribulokinase (prk), fructose-bisphosphate adolase (fba), ribulose-
phosphate 3-epimerase (rpe), transketolase (tkt), glyceraldehyde 3-phosphate dehydrogenase (gap), 
phosphoglycerate kinase (pgk) indicated in blue. A hypothetical gene is indicated in grey. Genes 
were viewed and presented using Artemis 402. 
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Supplementary Figure 12: Nitrogenase NifH protein tree indicating functional clusters. Numbers 
in brackets indicate number of proteins collapsed within the associated cluster. NifH from HYP1 
falls within cluster ID, which is highlighted in orange. Bootstrap support >70% is indicated by the 
black circles. A GraftM package created from this tree was used to identify the NifH sequences of 
the other population genomes. 
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Supplementary Figure 13: Relative abundance of mxaF and xoxF gene transcripts across the thaw 
gradient. Greater abundances of the methanol dehydrogenase homologues xoxF1-5 and mxaF are 
indicated by increasing warmth of colour from white, to blue, to red. It is evident that there is very 
little expression of the mxaF methanol dehydrogenase, as opposed to the xoxF methanol 
dehydrogenase.  
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Supplementary Figure 14: Average gene coverage indicating transcript expression of key genes 
belonging to the three recovered Methylococcaceae population genomes, and four Rhizobiales. 
Genes indicated NA were missing from the population genomes, or only partial genes and not 
suitable for mapping (i.e. nifH of HYP1). Genes for the pmoCAB are among the most highly 
expressed of the methanotroph genomes. The novel groups of the HYP1 and USC1 had little overall 
gene expression in the metatranscriptomes of the selected permafrost environments. StrKGG = 
stress induced protein KGG. Other acronyms are explained in Supplementary Table 3.  
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Supplementary Figure 15: Methanotroph gene read abundances (as a percentage of the total 
metagenome reads normalised by HMM length) were positively correlated to the distance from the 
water table in the fen. Methanotroph abundances increased approaching the water table. Details are 
in Supplementary Table 11. 
Supplementary Tables Legends 
Supplementary Table 1: Amino acid identity percentage similarity between population genomes 
and the closest isolate genome from IMG using CompareM (Parks et al., unpublished, 
https://github.com/dparks1134/CompareM). The genomes recovered from Stordalen Mire are quite 
different to those that have been cultured and sequenced. 
Supplementary Table 2: SRA samples with two or more GraftM pmoA hits for the HYP1 clade of 
potential methanotrophs. 24,636 SRA data files were searched, with top hits to the wetland 
metagenomes. 
Supplementary Table 3: KO annotations for the population genome bins and gene acronyms used 
throughout the manuscript. 
Supplementary Table 4: Population genome statistics, including sample, IDs, CheckM 241 
completeness (% comp) and contamination (% cont),  IMG genome statistics including 16S, 
genomes size, number of contigs (#contigs), number of genes (#genes), number of protein coding 
genes (#pcd) and percentage GC (GC%). 
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Supplementary Table 5: Porewater sulphate concentrations linked to sample and environment 
used to investigate the significance of environment concentration differences. 
Supplementary Table 6: Bonferroni corrected paired t-test linked to Figure 1, indicating 
differences in methanotroph clade abundances between environments, and where they are most 
likely found. 
Supplementary Table 7: Metatranscriptome expression per genome as a proportion of the sample 
reads that mapped to the methanotroph population genomes divided by the total number of cleaned 
reads. 
Supplementary Table 8: Relative abundance of methanotroph population genomes within each 
sample metagenome as proportion of reads that mapped to the genome. Values here were averaged 
per environment and used in the heatmap strip for Figure 2. 
Supplementary Table 9: Methanotroph relative abundance in the metagenome, as a proportion of 
the total reads normalised by HMM length, compared to the biogeochemical data measured at the 
site. Specifically, biogeochemical measurements included porewater δ13C-CH4, CH4 (mM) and 
percentage of time below the water table. 
Supplementary Table 10: Metatranscriptome data processing details. The number of raw reads per 
sample, sequencing platform, percentage of data remaining after the clean-up steps, as well as the 
cleaned read totals used for normalisation for GraftM and genome mapping are indicated. 
Supplementary Table 11: Methanotroph gene abundances (as a proportion of the total library 
normalised by HMM length) and distance from the water table correlation data used to make 
Supplementary Figure 13. 
Supplementary Table 12: PmoA accession numbers from NCBI, IMG, Stordalen Mire sequences, 
and sequences derived from Lau et al. (2015), Ricke et al. (2005) and He et al. (2015) used to make 
the tree in Figure 3. 
Supplementary Table 13: PmoB accession numbers from IMG and NCBI, Stordalen Mire 
sequences, and sequences derived from Lau et al. (2015), Ricke et al. (2005) and He et al. (2015) 
used to make the PmoB protein tree. 
Supplementary Table 14: PmoC accession numbers from IMG and NCBI, Stordalen Mire 
sequences, and sequences derived from Lau et al. (2015) and Ricke et al. (2005) used to make the 
PmoC tree. 
184 
 
Supplementary Table 15: IMG accessions and Stordalen Mire sequences for sequences used to 
make the MmoX protein tree. 
Supplementary Table 16: NCBI and IMG accessions for proteins used to make the NifH tree. 
Supplementary Table 17: NCBI and IMG accessions for proteins used to make the MxaF, XoxF 
and Adh tree. 
Supplementary Table 18: NCBI and IMG accessions for proteins used to make the RuBisCO 
CbbL/RbcL protein tree 
Supplementary Table 19: Samples used for assemblies and abundance analysis. P = palsa, E = fen 
(Eriophorum fen), S = bog (Sphagnum bog). The palsa co-assembly, from which MB1 was binned, 
was assembled from the 78 palsa samples. 
Supplementary Table 20: Information on the number of missing or multiple single copy marker 
genes that were not included in the concatenated alignments used for tree building due to possible 
contamination. 
Supplementary Table 21: The marker genes used by GTDB to create the concatenated alignment, 
and their prevalence across all genomes used to make the tree. 
Data Availability 
Data used in this manuscript are submitted under NCBI BioProject accession number 
PRJNA386568. 
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Appendix C: Chapter 4 Supplementary Material 
Supplementary Figures 
 
Supplementary Figure 1: Correlations of Nitrospira nxrA and amoA sequence relative abundances. 
Relative abundances are the percentage of the total library divided by the lengths of the amoA or 
nxrA HMMs. Correlations of amoA and nxrA relative abundances to NCB1 and NCB2 genome 
relative abundances are shown in Supplementary Figure 2. 
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Supplementary Figure 2: Correlations of NCB1 and NCB2 summed relative abundances (tpmean) 
compared to amoA (a) and nxrA (b) relative abundances (as percentage of total library normalised 
by HMM length). Points are coloured by environment, showing that the palsa samples drive the 
correlation to these genomes. NCB1 and NCB2 were isolated from palsa samples. Comammox 
amoA in the fen does not correlated with NCB1 and NCB2 abundances, indicating a different 
population is present in fen samples. The comammox population in the fen was not recovered due 
to low coverage. 
187 
 
 
 
Supplementary Fig 3: Site biogeochemistry paired to the samples examined in this study. 
Significance tests calculated using Welch’s two sample t-test. Porewater ammonia and nitrate are 
not measured in the palsa due to the difficulty of sampling porewater in unsaturated peat in the 
field. P values are indicated by the asterisks "***"=0.001, "**"=0.01, "*"=0.05. Sample numbers 
are indicated in the figure. Raw numbers are available in Supplementary Table 2. 
188 
 
 
 
Supplementary Figure 4. NirK (nitrite reductase) overall protein tree a, and subtree b, showing the 
divergence of NirK for comammox clade B organisms versus comammox clade A. They seem to 
possess very different NirK sequences, orientated within different subclades of the overall NirK tree 
a. Bootstrap support (>70% and >90%) for b in indicated by the circles. Accessions of sequences 
used are in Supplementary Table 14.
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Supplementary Figure 5: Relative abundances of Betaproteobacteria, comammox clade A and 
comammox clade B amoA sequences as a percentage of the total library. Relative abundances are 
broken up into systems, to show the distributions of the clades. Significance tests were calculated 
using Welch’s two sample t-test. Ammonia and nitrate are not measured in the palsa due to the 
absence of porewater. P values are indicated by the asterisks "***"=0.001, "**"=0.01, "*"=0.05. 
Sample numbers are indicated in the figure. Raw numbers are available in Supplementary Table 16. 
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Supplementary Figure 6: NxrB tree showing the phylogeny of NCB1 proteins compared to the 
published Nitrospira genomes, UBA Nitrospira, and genomes recovered in this study. Sequences 
used to create this tree are listed in Supplementary Table 15. 
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Supplementary Notes 
Supplementary Note 1: Phylogenetic distribution Nitrospira lineage II based on concatenated 
single copy marker gene alignments 
Nitrospira moscoviensis and Nitrospira japonica are both non-comammox members of Nitrospira 
lineage II. Using a phylogenetic tree created from the concatenated alignment of 120 single copy 
marker genes, it appears that N. moscoviensis forms a monophyletic cluster with clade A 
comammox with high bootstrap support, and N. japonica forms a monophyletic cluster with clade B 
comammox (Figure 4). The differences in phylogeny for the ammonia monooxygenase clade A and 
B genes, and the presence of non-comammox Nitrospira basal to these clades, could suggest two 
distinct lateral gene transfer events within Nitrospira lineage II, likely from betaproteobacterial 
ammonia oxidisers 124. Alternatively, one lateral gene transfer event at the root of clade A and clade 
B, and the loss of ammonia oxidation capability in N. japonica and N. moscoviensis could also 
explain this distribution. Furthermore, the presence of the B-type SQOR in N. moscoviensis, N. 
japonica and the clade A comammox populations, but not the wider Nitrospira, may indicate a 
lateral gene transfer event leading to the swap of an E-type SQOR for a B-type SQOR in these 
populations. Additional genomes will shed light on these events. 
Supplementary Table Legends 
Supplementary Table 1: amoA and nxrA relative abundances used in Figure 1. 
Supplementary Table 2: Sample depth information, and biogeochemical data used for 
Supplementary Figure 3. 
Supplementary Table 3: Metagenome-assembled genome statistics. 
Supplementary Table 4: NCB1 and NCB2 metagenome abundances as a percentage of the total 
community. 
Supplementary Table 5: Amino acid identity and orthologous fraction data for Figure 5a.  
Supplementary Table 6: Mobile genetic elements detected across the genomes based on 
annotation information. 
Supplementary Table 7: Amino acid usage. 
Supplementary Table 8: NCB1 putative genes supporting life in cold environments. 
Supplementary Table 9: NCB2 putative genes supporting life in cold environments. 
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Supplementary Table 10: Gene expression of NCB1 (average coverage). 
Supplementary Table 11: Gene expression of NCB2 (average coverage). 
Supplementary Table 12: AmoA sequences used to create the protein tree. 
Supplementary Table 13: NxrA sequences used to create the protein tree. 
Supplementary Table 14: NirK sequences used to create the protein tree. 
Supplementary Table 15: NxrB sequences used to create the protein tree. 
Supplementary Table 16: SRA download data and abundance information (amoA). 
Supplementary Table 17: ProteinOrtho clusters at 25% identity used in comparative genomics 
analysis. 
Supplementary Table 18: Flagella-based motility and chemotaxis KO hits per genome. 
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Appendix D: Chapter 5 Supplementary Material 
Supplementary Figures 
 
Supplementary Figure 1: Phylogenetic genome tree and metabolic modules of the 
gammaproteobacterial methanotrophs, ammonia oxidisers and likely hydrocarbon oxidisers. 
Presence or absence of modules is indicated by the coloured squares. The gene names are shown, 
with the full names provided in Supplementary Table 1. The colours of the modules correspond to 
the colours in Figure 1.  
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Supplementary Figure 2: Phylogenetic genome tree and metabolic modules of the Actinobacteria, 
Deltaproteobacteria, Rokubacteria, Nitrospira and Verrucomicrobia methanotrophs, ammonia 
oxidisers and likely hydrocarbon oxidisers. Presence or absence of modules is indicated by the 
coloured squares. The gene names are shown, with the full names provided in Supplementary Table 
1. The colours of the modules correspond to the colours in Figure 1. 
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Supplementary Figure 3: Phylogenetic genome tree and metabolic modules of the 
alphaproteobacterial methanotrophs and likely hydrocarbon oxidisers. Presence or absence of 
modules is indicated by the coloured squares. The gene names are shown, with the full names 
provided in Supplementary Table 1. The colours of the modules correspond to the colours in Figure 
1. Arrow 1 indicates the proposed introduction of pMMO. Arrow 2 indicates the proposed 
introduction of pMMO and sMMO from Tamas et al. (2014), but additionally we propose that PXM 
was introduced here. Arrow 3 indicates the tentatively proposed LGT of sMMO from an ancestor of 
the Beijerinckiaceae to HYP, M. methanicus and S. aerolata. 
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Supplementary Figure 4: Phylogenetic genome tree and metabolic modules of the 
betaproteobacterial ammonia oxidisers and likely hydrocarbon oxidisers. Presence or absence of 
modules is indicated by the coloured squares. The gene names are shown, with the full names 
provided in Supplementary Table 1. The colours of the modules correspond to the colours in Figure 
1. 
Supplementary Table Legends 
Supplementary Table 1: KO and annotations of genes used to determine presence of modules. 
Supplementary Table 2: BLAST results of sequences against NCBI nr. 
Supplementary Table 3: sMMO operon order. 
Supplementary Table 4: RuBisCO large subunit (CbbL/RbcL) type. 
Supplementary Table 5: LGT dinucleotide frequency comparisons of methanotrophy genes. 
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